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The action of the gases flowing up through beds
of fluidized solids usually promotes a high degree of
agitation of the solids in the confining reactor. This
motion of the solids is highly advantageous in cases
where large heat effects are present by preventing
localized overheating. However, the solids mixing pro-
duces mixing of the gases and, in the case of chemical
reactions, this gas mixing causes the products of re-
action to be mixed with the reactants thereby decreas-
ing the rate of reaction. Fluidized beds are used both
in the laboratory for obtaining information concerning
reaction kinetics and, commercially, for chemical pro-
duction purposes. Knowledge of gas mixing in fluidized
beds is of value in interpreting laboratory data and in
the rational design of commercial equipment.
The purpose of this thesis has been to investigate
the manner and extent of gas mixing in fluidized beds
of laboratory size. This work should provide a better
understanding of the action of fluidized beds and thus
aid in their evaluation.
Two different experimental procedures were employed.
In the back-mixing studies, a stream of tracer gas, helium,
was injected into the central region of a bed of solids
fluidized by air; gas samples were withdrawn at various
radii both above and below the point of injection. These
samples were then analyzed for helium content, and in
this way the flow of gas through the bed could be follow-
ed. In the residence-time studies, streams of helium
and air were well mixed in a chamber immediately below
the bed of solids; this mixture of about 20% helium in
air then passed through the bed fluidizing it. When the
concentration of helium was uniform throughout the bed,
the helium flow was abruptly stopped, and gas samples
were withdrawn at short intervals of time through a
probe located at the top of the fluidized bed. It was
thereby possible to determine the residence-times of the
tracer gas in the bed.
Two transparent Lucite tubes, having inside dia-
meters of 3 inches and 4-1/2 inches, were used as the
confining columns during the studies; (see diagrammatic
sketch in Figure 1 and photograph in Figure 2). Bed
heights of approximately 36 and 70 inches when fluidized
were employed; the ratio of bed height to diameter, L/D,
varied from 7.8 to 24. All runs were made under condi-
tions of batch operation with the top of the bed lying
below the top of the Lucite column. Two different solids
were studied. One consisted of various closely sized
fractions of spherical glass beads ranging in size from
I
8about 0.003 to 0.018 inches in diameter. The other
solid was a microspheroidal cracking catalyst which
was screened into sized fractions. (See Figure 4.)
The experimental studies showed that there was
definite back-mixing of gas in the beds of fluidized
solids, and this mixing of gas in a direction opposite
to the direction of net flow was caused by the presence
of the finely divided solids. There was a circulation
pattern present in which the gases tended to flow rapid-
ly upward in the middle of the bed and slowly down-
ward along the wall. An exchange of gas between these
two regions was found to take place.
In general, fluidized beds are characterized by
regions of high solid concentration ("dense phase") and
low solid concentration ("lean phase"); the "lean phase"
consists of bubbles of gas rising through the solids.
The transfer of gas between Odense" and "lean" phases
through the interstitial spaces between the solid par-
ticles tends to be slow. Under certain operating con-
ditions, large differences in gas composition, if created,
can exist between the gas at the wall and at the core of
the bed. In addition, large differences in composition
can exist between the gas in the bubbles and the sur-
rounding "dense phase". Both vertical and horizontal
gradients in gas composition can exist in fluidized beds.
The passage of bubbles through the bed and the
extent of interstitial gas flow are believed to affect
the mixing and residence-times of the gases. The
bubbles travel up through the bed at velocities ranging
from 4 to 12 times the average gas velocity through
the void spaces. Because of these high bubble veloci-
ties, gas samples drawn from within fluidized beds are
apt to give a faulty impression of the average gas com-
position at the point of withdrawal.
The flow of gas through the void spaces in the bed
was apparently reduced by a decrease in the average par-
tiole size or the introduction of solid fines. It is
believed that this reduction in gas flow was due to
the decrease in the size of the interstitial pores.
It is possible to determine the residence-time
distribution of the gas entering a fluidized bed by the
method developed in this investigation. The fraction of
an entering slug of gas that leaves in any subsequent
time interval can be determined from the slope of the
experimental residence-time curves (see Figure 33). It
was possible to characterize the individual experimen-
tal data curves by the magnitude of a single quantity.
The experimental technique should prove useful in other
mixing studies.
I
The nature of the gas flow through fluidized
beds caused the residence-time history of the gas to
resemble that expected from perfect mixing. However,
it is believed that the results obtained are due to a
stripping action of the bubbles passing through the
bed. The concentration differences existing in the beds
prove that perfect mixing was not present. The residence-
time results, radial concentration gradients and back-
mixing prove that the gas flow was not according to
piston flow.
The residence-time distribution obtained in fixed
beds of solids and in empty tubes closely approximated
that to be expected from piston flow.
The residence-time for a given fraction of enter-
ing gas was inversely proportional to the gas flow rate.
A fixed amount of gas was found to be required to sweep
a certain fraction of entering gas out of the bed, re-
gardless of the gas velocity.
An increase in the length-to-diameter ratio, L/D,
caused a decrease in the by-passing of gas flowing through
the beds. The spread in residence-times was reduced.
In view of this, it is recommended that consideration be
given to the introduction of baffles in industrial re-
actors where the effects of gas mixing have been found
to be detrimental.
6There was a slight trend toward a reduction in
the range of residence-times as the average diameter
of the particles or the amount of fines was decreased,
probably due to increased flow of gas between "dense"
and "lean phases."
The results of studies made in fluidized beds
concerning chemical reaction kinetics can be signifi-
cantly affected by the character of the gas mixing in
the bed. If the reaction takes place at the solid sur-
face, the concentration of the products of reaction will
tend to become high in the dense phase; in general, this
will decrease the overall rate of reaction. The use
of fluid-beds as a laboratory tool to study reaction
mechanisms should be considered as a compromise between





The past twelve years has seen the development
and tremendous growth of the fluidized powder tech-
nique as a tool for the chemical industry. While
the suspension of solids in fluid streams has been
used for years as a method of sizing and transportation,
the application of fluidization to the catalytic crack-
ing of petroleum has shown that this method of solid-
fluid contact may hold great advantages for certain
chemical operations. Today, in addition to its grow-
ing use in the cracking of petroleum, it is being con-
sidered for the gasification of coal, the synthesis of
liquid hydrocarbons by the Fischer-Tropach process,
the burning of lime, the retorting of oilbearing shale,
and in many other applications. To date, only gas-solid
systems have received more than laboratory attention.
The primary advantage of the fluidized bed over
the fixed bed which has led to its utilization is one of
temperature control. In a fluid bed, particles of solid
are suspended in an upward-moving fluid stream; a high
degree of agitation is usually present in the bed, with
the result that the solids are in continual motion and
circulation throughout the confining vessel. Even with




solid motion tends to eliminate formation of "hot-
spots" and temperature gradients of large magnitude.
Due to the "fluid" character of the solid-gas mixture,
which can be caused to flow through pipes, it is pos-
sible to add or remove heat from a reactor with com-
parative ease. Moreover heat transfer coefficients of
fluid beds, based on the area of the retaining walls,
have been found to be higher than those of fixed beds
()I). Another advantage derives from the use of much
smaller particles in a fluid bed than in a fixed bed,
facilitating better gas to solid contact.
However, there are certain disadvantages in the
application of a fluidized technique to chemical re-
actions. The very motion of the solids that provides
for uniformity of temperature undoubtedly causes some
mixing of the gaseous constituents. In chemical re-
actions exhibiting a mechanism of higher than zero order,
any mixing of the products and reactants would tend to
decrease the overall rate of reaction when carried out
under isothermal conditions. Obviously, in industrial
use this "back-mixing" effect would be undesirable and
for a given conversion would call for modifications in
reactor design.
In addition to its use for production purposes by
the chemical and petroleum industries, the fluidized tech-
nique has been applied as a laboratory tool in the study
L ___________
of chemical reaction rates and mechanisms. Since
reaction rate constants are defined by differential
equations, while in practice finite conversion takes
place in a fluid bed, the nature of the gas flow through
the reactor is of importance for the proper interpreta-
tion of experimental results. To obtain the reaction
rate constants from the laboratory data, the integrated
rate equation must be applied, and therefore any assump-
tions made upon integration concerning the path of the
gas will directly affect the magnitude of the desired
constant.
Lacking evidence concerning the character of the
gas mixing in fluidized beds, it has been necessary in
the past to make certain simplifying assumptions when
designing industrial fluidization equipment and when in-
terpreting reaction data obtained from fluid beds. Two
obvious assumptions present themselves. First, one could
assume that, while the solids are known to be in vigorous
motion, the gases pass up through the bed in "piston
flow." In this case, it is assumed that there is no back-
mixing of the gases, that the composition of the gases
at any level in the bed is uniform, and that there is no
radial velocity gradient in the gas. Several workers have
used this set of assumptions in evaluating reaction ex-
periments conducted in small fluidized beds having large
length to diameter ratios (8, 1•, 28). Conversely, one
~1
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could assume that, due to the rapid mixing of the
solids, the gases were completely and instantaneously
mixed, i.e., that "perfect" mixing prevailed. Here,
the assumption is that the composition of the gases
throughout the reaction vessel is uniform and equal
to the composition of the exit stream. At least one
authority in the field of reaction kinetics holds to
this latter view (2).
In all probability, the true facts lie somewhere
between these two extreme conditions, and the above
assumptions are only applied as a simplification due to
lack of pertinent data.
This brief discussion serves to highlight the in-
terest in, and purpose of, this study. Generally speak-
ing, the object of this thesis has been to investigate
the manner and extent of gas mixing in beds of fluidized
solids with a view to the effect this mixing may have on
chemical reactions conducted in such systems. A study
of the effect of changes in operating variables has been
involved.
The work presented here has been part of an over-
all program of research conducted at the Massachusetts
Institute of Technology studying the fundamental physical
behavior of fluidized beds. In addition to an investi-
gation of gas mixing, the program has involved inquiries
into the flow characteristics, heat transfer properties,
11
and solid mixing in beds of fluidized solids.
Before continuing with a consideration of other
investigations on fluidized beds, it will be well to
describe the visual appearance of such beds and to de-
fine several terms which will appear from time to time
throughout this presentation.
When fluid flows up through a bed of solid par-
ticles at such a rate that the particles remain at rest,
one on another, the bed is called "fixed." Starting
from the fixed bed conditions, as the flow rate of fluid
is increased, a point is reached where the solids lift
slightly, "unlocking"; the solids are not in motion and
will not sustain a force applied to the surface. This
is known as a "quiescent" fluidized bed. Further in-
crease in the flow rate will cause the bed to expand even
more, and the solids will exhibit definite, and usually
vigorous, motion throughout the vessel. If the par-
ticles are individually and uniformly dispersed by an
increase in the flow rate, then "particulate" fluidiza-
tion prevails; this type of bed action is generally
exhibited when liquids are used as the supporting fluid.
However, if an increase in the flow rate of fluid through
the bed causes the appearance of regions of dense and
dilute solid concentration as the bed expands, then
"aggregative" fluidization is taking place; this is
usually found when gases are used as the fluidizing medium.
The appearance of aggregative fluidization is similar
to that of a boiling liquid; the regions of dilute
solid concentration are bubbles of gas containing very
few solid particles and will be called the Ulean phase."
The surrounding areas of high solid concentration will
be referred to as the "dense phase." uSluggingU is a
condition in which the bubbles, as they rise, grow in
size to the diameter of the confining vessel; masses of
particles are forced up the column between the bubbles
much in the manner of pistons. When conditions are such
that little or no solid is blown from the bed and none
added, operation is said to be "batch.u
B. Other Studies
This section will deal with the findings of others
working in the fields of mixing and of fluidized solids.
In addition to covering the limited studies made concern-
ing gas mixing in fluid beds, some of the work done on
flow characteristics, heat transfer, mass transfer, re-
action rates, and solid mixing in fluidized beds will be
discussed where the findings in these fields are perti-
nent with regard to the study at hand. Most of the arti-
cles to be discussed have been published since the initia-
tion of this thesis in February, 1948.
Gas Mixing
Two preliminary studies were made in the field of
18
gas mixing in beds of fluidized solids prior to the
start of the present work. Kennel (12) fluidized a
filtrol clay with air in a one-inch glass column;
batch operation was used. He injected carbon dioxide,
as a tracer, into the middle of the fluid bed and drew
samples from points above and below the point of injec-
tion through 1/4-inch tubes that were mounted axially.
The samples were analyzed for C02 content. When the
glass column was empty, no 002 was found in the gas
stream below (i.e., upstream of) the point of injection;
on the other hand, when the tube was full of fluidized
solid, an appreciable concentration of the tracer was
found below the point of injection. This indicated that
the back- or down-mixing of the gas was due to the pres-
ence of solid. The concentration of tracer was found to
decrease as the distance below the injection point in-
creased. The following equation was employed in corre-
lating the results: (See VII Appendix B)
lC Uo0(X
In g- = - o (x) (1-II)
o0
where C = concentration at distance (x) below the point of
injection
C = concentration at x = 00
u o = superficial gas velocity
E = eddy or back-mixing diffusivity coefficient





exponential relationship, and Kennel reported that
E was a linear function of uo and affected by particle
size. While his results cannot be extended to quanti-
tative conclusions, Kennel did show that back-mixing
of gases does exist in beds of fluidized solids and
may be affected by operating variables.
Giborowski (6) conducted similar experiments in a
glass tube having an inside diameter of one inch. He
correlated his results in the same manner as Kennel (12)
and reported that E was independent of the superficial
gas velocity and increased with increasing particle size.
However, most of his results are open to criticism since
the bed height used appears to have been low. When there
was enough solid present to have covered the injection
point, values of E found by Ciborowski compared closely
with those of Kennel's work.
Sherwood and Towle (32, 34) studied eddy mixing in
empty tubes by injecting 00s, as a tracer, from a single
injection point mounted axially in air ducts of different
diameters. Gas samples were taken at points downstream
and analyzed for tracer. Eddy diffusion was considered
analogous to molecular diffusion, and the eddy diffusi-
vity, E., defined by the following equation:
dNA  dCOA
---= = Em -
dQ m ed
where NA = mols of A transferred per unit area
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G = time
CA = concentration of A at distance x
Using Wilson's integration of the resulting differen-
tial equation for mass transfer (Q8), values of E
were obtained from the experimental method outlined
above. Towle reported that Em ranged from 0.004 to
0.04 ft. 2/see. and varied directly with the Reynolds
number based on the diameter of the confining tube; for
a constant diameter tube, Em increased linearly with the
superficial velocity. As might be expected from the
nature of eddy mixing, the results obtained when hydrogen
was used as a tracer checked the C0a values of Em. The
values obtained for eddy diffusivity ranged from 27 to
240 times the molecular diffusivity of 009 in air, show-
ing that a molecular diffusion plays a minor role in the
presence of turbulence. It should be noted that the eddy
diffusivity coefficients obtained in this work may be of
a different nature than those obtained in the fluidized
bed studies, where the eddy diffusivities are obtained
from mixing in a direction opposite to the net direction
of flow.
Polack (26), using a technique patterned after that
of Towle (Q4), studied eddy mixing in packed beds of
solid particles using both air and water, and suitable
tracers. For either fluid, Em was found to increase with
the 1.2 power of the Reynolds number based on particle
diameter; this meant that Em increased with an in-
crease in the superficial velocity. The reported values
of Em for COa in air ranged from 0.0065 to 0.019 ft.'/sec.
The values of eddy diffusivity were determined from mix-
ing that occurred downstream of the point of injection,
as in the case of Towle.
Flow Properties
Several investigations have been made concerning
the flow properties of fluidized beds. One of the most
complete is that of Bauer (2), who made both visual and
quantitative studies on fluidized beds of small diameter.
He confirmed the findings of Walker (6) in reporting
that, once the quiescent state has been reached, the pres-
sure drop across a fluidized bed is essentially equal to
the weight of solids per unit area, "Excess pressure
drop" was defined as the difference between the experimen-
tal pressure drop and the weight of solid per unit area;
the excess pressure drop was found to increase slightly
as the gas rate through the bed was increased, especially
when slugging was present. This increase in the pressure
drop is probably due to increased friction between the
solid particles and the walls of the vessel. In "con-
tinuous" beds of fluidized solids, i.e., where solid was
continually fed and blown out, Bauer found that the slip
velocity, which is the average superficial gas velocity
minus the average solid velocity, was independent of
-·h-
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solid concentration and gas and solid feed rates. This
also checked previous work done by Walker (Q). Using a
Lucite column with an internal cross section of 1/2 by
6 inches, Bauer was able to observe the bubbles rising
through a bed of solids fluidized with air. At the
bottom of the column there were numerous gas bubbles of
small diameter, which usually increased in size as they
rose through the bed. This growth seemed to be due to
gas flowing from one bubble to another through the inter-
stices in the dense phase; some bubbles grew in size
while others disappeared. Bauer found that the bubbles
grew when the diameter of the fluidized particles was
large; but did not when small diameter particles were
used. In addition, when a wide size range of particles
or a light material was used, small bubbles were present
and these did not tend to grow rapidly, if at all, as
they rose through the bed. At high gas rates, the size
and number of bubbles was mainly a function of the gas
rate. He reported that the concentration of solid in the
dense phase appeared to be the same as that found in the
quiescent bed, and that the increase in bed volume with
increasing gas rate resulted from the displacement of the
gas bubbles rising through the bed. Visual observation
showed that while the bubbles tended to rise in the
central region of the bed, the dense phase solids tended
to move down along the walls. For particles smaller than
iilh~---ii~------ ;-
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200 mesh and for particles with an effective particle
density of less than 100 lbs./ft.3 , the fluidization
behavior was reported to be independent of the actual
diameter.
Bauer (2) also reported on two small experiments
by two other workers, Goring and Curran. Using nitrogen
under atmospheric pressure and at 75 p.s.i.a., Goring
fluidized glass spheres, 0.0061 inches in diameter, at
a superficial velocity of 0.4 ft./sec. in a 1.33-inch
steel tube. He found that the ratios of experimental
pressure drop to the predicted pressure drop based on
the weight of solid in the tube were 1.5 and 1.2 for the
atmospheric and 75 p.s.i.a. runs, respectively. Since
this ratio has been found to increase with slugging,
which means greater interstitial flow, these results in-
dicate that the tendency for gas to flow from bubble to
bubble decreases as the density of the gas increases.
Curran, fluidizing coal with hydrogen, nitrogen, and
carbon dioxide, had reported to Bauer that the slugging
was greater with the lighter gases.
Connors and Fuchs (7) studied the batch fluidization
of filtrol clay with air under reduced pressures and
found that the bed expansion obtained for a given super-
ficial gas velocity was independent of the pressure.
Matheson, Herbst, and Holt (20) write that the
decrease in overall bed density in a fluidized bed with
I(.
increased gas velocity is due to the presence of
gas bubbles in the bed and that solid concentration
in the dense phase is the same as that in the quies-
cent bed. Rate of bubble growth was found to increase
with increasing particle diameter and particle density
as well as with increasing gas velocity. Changes in
the gas density or viscosity were found to have minor
effects on the quiescent bed density. Experiments
were conducted with a modified Stormer viscometer pro-
vided with a paddle that turned in a bed of fluidized
solids. Thus the "viscosity" of the bed under varying
conditions could be measured, and this viscosity, or
resistance to an external force, was found to decrease
with increasing gas velocity and with the addition of
small amounts of fines. Beds of spherical particles
were found to be more "viscous" than irregularly shaped
materials. The tendency of the bed to slug increased as
the bed viscosity increased.
Morse (21) applied a relationship for flow through
fixed beds developed by Carman (4) and Kozeny (14) to
the interstitial flow in fluidized beds. He concluded
that the rate of this gas flow, and hence the rate of
bubble growth, should increase with increasing particle
density and diameter, with increasing bed height, and with
decreasing gas density and viscosity.
Parent, Yagol, and Steiner (22) investigated the
j x
fluidization of several solids with different gases
in beds of varying size. They observed that fluidized
beds resembled boiling liquids. By adding some red
rouge to a bed of white filtrol, the solid mixing was
observed to be very rapid. The pressure drop support-
ing the bed was practically independent of the shape
of the column and of the density, viscosity and pres-
sure of the gas.
Other investigators (l, 16, 17, J) in studying
fluidized beds report that their measurements on pres-
sure drop and solid densities were independent of
column diameter, total weight of solid, particle shape
and gas density. Wilhelm and Kwauk (37) found that
they could not obtain particulate fluidization when
using air as the supporting gas in spite of trying a
wide variety of materials in highly subdivided states.
Ryan (30) employed an X-ray technique to study the
concentration gradients of solid in a fluidized bed of
square cross section. He found that the average con-
centration of solids was highest near the walls and low-
est in the middle of the column. This coincides with
visual observation that the gas bubbles tend to rise in
the central portion of a fluid bed.
Heat Transfer
Using a fluidized unit which had the upper section
electrically heated and the lower section water-cooled,
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Ciborowski (6) investigated the flow pattern of the
solid. Two thermocouples were arranged so that the
temperature along the center line and the temperature
approximately 0.1 inch from the wall could be meas-
ured at various levels in the bed. In the lower sec-
tion of the column, where the wall was water-cooled,
the temperature near the wall was found to be higher
than at the center, while the temperature of the wall
was less than at the center. This difference in tem-
perature between the region near the wall and the center
line increased from low values at the bottom of the
bed to fairly high values (500F.) at the top of the
cooling section. This indicated that the hot solid from
the heated section was flowing down along the wall and
upwards in the middle of the bed. This was the first
time experimental evidence to support a definite circu-
lation pattern in a fluidized bed had been reported.
Trilling (a) has made a rather extensive study of
the heat transfer in small fluidized beds. He found
that the heat transfer coefficients to the walls of the
vessels in fluidized beds were from 2 to 150 times high-
er than those which would prevail in empty tubes or
fixed beds under the same conditions of superficial
velocity and particle diameter to column diameter ratio,
D /D. He suggested that the increase is due to (1) the
solid motion increasing the turbulence of the gas stream
and decreasing both the core resistance and film along
the heat transfer surface, and (2), the solid acting
as a carrier of heat. He found that radial temperature
gradients existed in his apparatus only near the walls
of the apparatus, indicating rapid horizontal solid
mixing. He reports that the physical dimensions of the
equipment did not seem to have any effect on the heat
transfer coefficients. The heat transfer coefficients
were found to increase with decreasing particle size
until the particles were about 170 mesh in size; below
this size the trend seemed to disappear.
Leva, Weintraub, and Grummer, (18), working with
externally heated fluidized beds made of standard 2 and
4-inch pipe, report that bed height, solid concentra-
tion, particle density and vessel diameter all had no
significant effect on the heat transfer coefficients ob-
tained.
Mass Transfer
Resnich and White (29) conducted some experiments
on mass transfer in fluidized beds by vaporizing naptha-
lene into air, hydrogen, and carbon dioxide. Very
shallow beds, ranging in height from 5/8 to a maximum of
4 inches when fluidized, were employed; nevertheless the
partial pressure of napthalene in the exit stream was
usually quite close to the equilibrium vapor pressure for
the temperatures used. The assumption of piston flow
was used in evaluating mass transfer coefficients. The
presence of two types of fluidization was reported,
bubbling and slugging, and it was reported that the
"j-factors," defined as
kG pBM MM 2/3
JD PP pD
where kG = mass transfer coefficient
PBM = log mean partial pressure of nondiffusinggas in film
MM = mean molecular weight of the main fluid
stream
D = molecular diffusivity
S= viscosity
p = density
increased with gas velocity in the bubbling region, went
through a maximum as slugging began, and then decreased
with a continued increase in the gas velocity. Due to
scatter in the experimental results, this conclusion is
not strongly substantiated. It was reported that the
mass transfer coefficients increased with increasing gas
velocity, throughout the range covered.
Reaction Rate Studies
Paxton,(23), studying the oxidation of carbon, re-
ported regions of localized overheating in a reactor 10
feet tall having an inside diameter of 1.78 inches, an
L/D of 67.5. Slugging occurred in most of the runs he
made, and he attributes the local overheating to poor
solids mixing.
Solids Mixing
Some very recent work (1, 5, ) on solids mixing
has confirmed the existence of a flow pattern in flui-
dized beds in which solids tend to flow up the middle and
down along the walls of the vessel accompanied by some
side-mixing between the two zones. Both the rate of cir-
culation and the agitation of the bed, causing the side-
mixing, were found to increase with increasing air
velocity. In addition, the circulation increased for a
given gas rate when the particle size was decreased. The
velocity of solid in the core, or center, of the bed was
found to be higher than the superficial gas velocity,
while that in the annular region surrounding was less
than the superficial gas velocity.
Summary of Literature
In summarizing the information that is now avail-
able having bearing on gas mixing in beds of fluidized
solids, it is possible to arrive at a few broad conclu-
sions.
Due to the presence of the solids in fluidized beds,
back-mixing of the gases does occur. This back-mixing
may be affected by such operating variables as gas velocity
and particle size.
Fluidized beds of the gas-solid type resemble
boiling liquids, in that they exhibit regions of high
and low solid density. The Olean phases" are bubbles
of gas rising to the upper surface. The bubbles usual-
ly grow in size as they rise, indicating interstitial
flow of gas. It is to be expected that the interstitial
flow of gas will affect the transfer of gas from bubble
to bubble and from dense phase to lean phase, and, there-
fore, will affect the overall gas mixing. This gas flow
within the bed appears to increase with an increase in
particle diameter and density, an increase in gas velocity,
and a decrease in gas density. Judging from studies on
the flow characteristics and heat transfer in such beds,
the effect of particle diameter may disappear at small
diameters.
A general circulation pattern exists in the flow of
solids tending to carry the solid upwards in the middle
of the bed and downwards along the walls of the confining
vessel. Since the gases mix mainly due to solid motion,
and as the pattern of solid flow may be affected by the
shape of the vessel, the diameter and bed height may affect
gas mixing.
Referring to mixing studies in empty tubes, if the
mixing is predominantly due to turbulence, then changes
in the physical properties of any tracer gas used (with
the exception of adserptivity) will probably have little
effect on the results obtained.
C. Method of Investigation
In formulating the experimental program, several
general methods of attack presented themselves. Since
the ultimate purpose of the thesis is, in addition to in-
creasing the general knowledge of fluid-solid systems, to
aid in understanding and applying the fluidized technique
to chemical operations, determination of the time-place
history of the gas molecules as they pass through a
fluidized bed could be imagined as the goal of this work.
However, as is generally true when speaking of gases,
this means a statistical or average study of large groups
of gas molecules. Of course, this is a highly idealized
goal; nevertheless, it leads to two different experimental
techniques. In one the operation of the bed could be
altered slightly and probes introduced into the bed to
study, from within, what has happened due to the change.
In the second method, the bed could be subjected to changes,
and the effect of these changes studied wholly from out-
side the bed. Both of these general approaches were ap-
plied in this study and will be described here in general
outline.
The internal investigation, to be referred to as the
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back-mixing experiment, was a steady-state operation.
A bed of solids was fluidized using air as the support-
ing medium, and a continuous stream of tracer gas was
injected through the side of the column about half-way
between the top and bottom of the bed. Both a single
injection tube, resembling a point source, and a multi-
tube arrangement, simulating a plane source, were employ-
ed. Arrangements were made so that samples of the gas
could be withdrawn at any radius through fine hypodermic
tubing at various levels above aqd below the point of
injection. The air and tracer gas, which was helium,
were metered before entering the column, and the gas
samples were analyzed for helium content. Observations
concerning bed action were noted. By taking samples at
the various levels, it was possible to determine any
longitudinal gradients in helium concentration. Radial
sampling permitted examination of any horizontal concen-
tration gradients in the gas. Some gas sampling from
dense and lean phases was carried out.
The external studies, called the residence-time
experiments, were unsteady-state. A bed of solids was
fluidized with a mixture of air and helium, as a tracer,
until the composition of the gas throughout the bed was
uniform. Then at some given instant, the helium fed to
the bottom of the column was turned off; the air continued
rto fluidize the bed of solids and acted to dilute and
sweep out the original air-helium mixture. At the
same instant a stopwatch was started. Thereafter, at
definite time intervals, gas samples were withdrawn
into gas bottles through a sample tap located just over
the top of the fluid bed. The air and helium were
metered before entering the column, and the successive
gas samples, along with one containing some of the ori-
ginal helium-air mixture, were analyzed for helium con-
tent. This experimental technique gave the concentration
of helium in the exit stream as a function of time.
It might be expected that the following variables
would be pertinent to the mixing of gases in fluidized
beds; gas density, velocity, and viscosity; bed height,
diameter, and cross section shape; particle diameter,
density, shape and porosity; whether the type of fluidi-
zation was particulate or aggregative and continuous or
batch. Of these, the following have been given some con-
sideration in this investigation: gas velocity; bed height
and diameter; particle diameter, density and porosity.
All experimental work has been conducted in cylindrical
tubes made of transparent Lucite, using air as the flui-
dizing medium; the operations have all been particulate
and batch.
The data obtained give information concerning con-
centration gradients that may exist in fluidized beds,
the average time a gas molecule may remain in a flui-
dized bed, and the effect that variation in operating
variables may have. Such information should be of
value in the interpretation of reaction rate studies
carried out in fluidized beds and in the rational de-
sign of industrial reactors.
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III. APPARATUS AND PROCEDURE
The experimental work of this thesis has been con-
ducted in two pieces of apparatus; in addition, two
different experimental techniques have been employed.
Therefore, this section will describe the two pieces of




The smaller of the two units consisted of a cylin-
drical tube of Lucite having an inside diameter of 3
inches and a height of 6 feet; the walls were 1/4 inch
thick. A schematic diagram of the apparatus is shown
in Figure 1. Figure 2 is a photograph showing the experi-
mental apparatus with the large column in the foreground
and the small column to the left. Above the Lucite column
was a disengaging section 3 feet high and having a square
cross section. It was constructed of Lucite sheets, 1/8
inch thick and 6 inches wide. To this was connected a
cyclone separator, which served to remove additional
solids from the gas stream before it discharged to the
room. These solids were returned to the bottom of the
unit through a glass tube one-half inch in diameter. Pres-
sure taps were attached to the side of the column at
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FIGURE 1. BACK-MIXING APPARATUS
Key:
A - Fluidization column
B - Disengaging section
C - Cyclone separator
D - 200 mesh screen
E - Sampling ports
F - Injection tube, I.D.= 0.141"
G - Capillary orifice
H - Sharp edge orifice
J - Pressure taps every foot
K - CaCl drying tube
M - Gas density balance
N - Pressure adjustment bottle
P - Mercury leveling bottle
Q - Fine adjustment bellows
R - 5:1 inclined manometer
S - Absolute manometer
T - Thermometer
Tw - Wet-bulb thermometer
U - Mercury manometer
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FIGURE 2. EXPERIMENTAL APPARATUS.
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intervals of one foot from the bottom; the manometers
were equipped, with stopcocks in one of the liquid legs
so that the pressure fluctuations could be damped.
The fluidizing gas, air in all cases, was intro-
duced into the bottom or the column through a conical
section and was distributed by a 200-Hieah screen; tbi a
screen was supported by heavier wire screening having
a spacing of about 1/2 inch. The air was metered before
entering the column by means of an orifice plate having
a l/~-ineh hole; the plate was counted in standard 3/~-
inch pipe. Water and mercury manometers indicated the
&ifPerential and static pressures, as mercury-filled
thermometer indicated gas temperature in the line. The
humidity of the air from the compressor was measured by
a diaphra~9-type gage, or, in some runs, by a wet and dry
bulb technique.
According to the experiment that was being conducted,
the tracer gas, helium, was admitted to the column in one
of several ways, Runs were made in which the helium was
injected at a point 3-1/2 Feet from the bottom or the
column through a piece of j-millimeter glass tubing. This
j tubing was bent st a right angle inside the column so as
to inject the gas upwardly in the center of the column.
A multi-point injection system was also employed to in-
ject the helium into the fluidized bed. Details of this
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are shown in Figure 3. Stainless steel hypodermic tubes
projecting through the walls of the column were held in
place by means of leather gaskets; these tubes were en-
closed in a Lucite manifold to which the helium was fed.
(For details of construction, see VII APPENDIX A.) Both
of the above methods of tracer injection were used in
the back-mixing studies. In the residence-time studies,
the helium was introduced into the conical section at the
bottom of the column through a piece of 1/4-inch copper
tubing soldered to the cone 1/2 inch below the 200-mesh
screen. The helium feed rate was measured by means of a
capillary orifice made of glass; water and mercury mano-
meters measured the differential and static pressures.
The air and helium orifices for both the small and
large units were calibrated using a new dry-test meter
made by the American Meter Company (serial number 5373470).
For the back-mixing studies the sampling tube was a
0.075-inch O.D. stainless steel tube soldered axially in
a threaded brass rod. By means of a threaded knob on the
brass rod, it was possible to position the end of the
sample tube accurately to any desired radius. The sample
tube projected through holes which were spaced vertically
at one-inch intervals in the side of the column. Leather
gaskets served to make a gas-tight joint between the




FIGURE 3. HELIUM INJECTION MANIFOLD.
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sample holes when not in use. In the residence-time
experiment, samples were drawn through a piece of 5-
millimeter glass tubing which was bent at right angles
inside the column so that the tip pointed down along
the axis of the tube. Covering the end of this sample
tube was a piece of 320-mesh screen formed into a cylin-
der and soldered. This solids-filter extended one inch
beyond the open end of the sample tube. Samples could
be taken at either of two levels; at one, the open end
of the sample tube was 37 inches from the screen and at
the other, 70 inches.
2. Large column
The large unit was a cylindrical tube of 1/8-inch
Lucite having an inside diameter of 4-1/2 inches and a
height of 50 inches. Above the column was a disengaging
section 18 inches tall having a diameter of 8 inches. As
in the small unit, a cyclone separator served to remove
additional solids from the gas stream; these solids were
returned to the bottom of the column through a 1/2-inch
tube. Pressure taps were located below the bottom of the
bed and at distances of 0.5, 1.0, 1.5, 2.5, and 3.0 feet
from the bottom; these were connected to manometers that
had stopcocks in one liquid leg.
The fluidizing air was introduced into the bottom of
the column through a conical section. At the base of the
_____ _ _
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cone, which formed the bottom of the fluid bed, was a
200-mesh stainless steel screen supported by a disc of
0.022-inch perforated brass (the perforations were 24
per inch and 0.021 inches in diameter). A heavy 200-
mesh screen was soldered to the inside of the cone
2-3/8 inches from its base. A piece of 1/4-inch copper
tubing was soldered through the side of the cone between
these two screens; it served to introduce the helium into
the air stream in the residence-time studies. The air
was metered before entering the column by means of a
calibrated rotameter.
As mentioned above, in the residence-time studies,
the helium was introduced into the conical section at the
bottom of the column. The column was also provided with
two Lucite manifolds, similar to the one on the small
column, for back-mixing studies. The helium was metered
into one of these manifolds by means of a calibrated ori-
fice made of glass capillary tubing.
In the few back-mixing runs made with the large
column, the gas samples were withdrawn through a piece of
1/8-inch stainless steel tubing with 0.065-inch I.D. This
tubing entered the column through standard 1/8-inch copper
tubing fittings that had been reamed out so that the
steel tubing could slide through. Brass collars were used
to give a gas-tight seal. In the residence-time experiments,
the gas samples were taken through a piece of 1/4-inch
_L___ _;
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copper tubing bent at right angles inside the column
so that the open end pointed down along the axis of
the Lucite tube. The 320-mesh filter that was used on
the small column covered the end of the sample tube,
which was 35 inches from the supporting screen.
B. Materials
1. Gases
Air was used as the fluidizing gas in all of the
work reported here. The reasons for its choice were
convenience and economy. A rotary positive displacement
compressor, built by the Beach-Russ Company, capable of
delivering up to 110 c.f.m. of air at 7.5 p.s.i.g, sup-
plied the air for both units. The compressor had an
oil seal so that the air it delivered was always con-
taminated by oil; a filter made of a piece of standard
5-inch pipe, flanged at both ends, and packed with glass
wool proved quite effective in removing most of the en-
trained oil. Provision was made to humidify the air,
when desired, by injecting steam about 100 pipe diameters
upstream from the filter.
Helium was used as the tracer gas in all of the runs
made during the course of this work. The primary reason
for its choice was to reduce, as far as possible, the
part adsorption would have in the gas mixing. In addition,
some of the physical properties of helium provide for
easy analysis of helium-air mixtures. The helium was
supplied in 220 cu.ft. cylinders by the Air Reduction
Sales Company which obtained it from the U.S. Bureau of
Mines. The gas was quoted at a purity of 99.5 t+%
helium.
2. Solids
Two different solids were employed in the course of
this work: spherical glass beads and a petroleum crack-
ing catalyst referred to as microspheres. The shapes of
both types of solids may be seen in Figure 4.
The glass beads were a product of the Minnesota
Mining and Manufacturing Company and go under the trade-
name of Scotchlite Glass Beads. Their properties are
listed in Table I. The average diameiers of the closely
sized fractions were determined by Trilling (a1). He
used photographs taken through a microscope fitted with
a calibrated eyepiece micrometer; this method was checked
by micrometer. The average diameter is the arithmetic
average of a group of about 50 particles. The absolute
densities were determined by water displacement.
The microspheres were a silica-alumina cracking
catalyst manufactured by the American Cyanamid Company.
Their properties are listed in Table II. In order to
reduce the loss of fines during the course of the work
due to elutriation, the raw microspheres were fluidized
~
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FIGURE 4. PHOTOMICROGRAPHS OF
GLASS BEADS AND
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for about an hour in the small unit at an air velocity
of 1.5 ft./sec.; the fines removed in the cyclone were
discarded. The solids remaining in the column were then
screened into the various size fractions shown. It is
interesting to note that the fractions all contain con-
siderable quantities of particles larger than the largest
opening in the limiting screen. This illustrates the
fact that, while the particles are roughly spherical,
many of them are oblong. The size analyses for M2, M3,
M4 were made using a microscope fitted with a Filar micro-
meter eyepiece and converted to weight per cent by
assuming the particles to be spherical. (See VII APPENDIX
A, for details of method.) The size analyses of the
other microspheres are based on the rates of settling
through water. The particles are porous and a heat of
adsorption was noticed while determining the absolute
density by means of water displacement In view of this,
the densities listed may not be the critical ones so far
as fluidization is concerned.
C. Gas Sampling and Analysis
1. Gas Sampling
All gas samples were drawn from the columns into pre-
viously evacuated spaces. When the gas density balance
was used, it and all the accessory apparatus were evacuat-
ed before sampling; a valve in the sampling line leading
to the column was closed. In the back-mixing experi-
ments using the thermal conductivity analyzer, the
sampling line led to a gas sample bottle which was
evacuated for sampling and served to mix the sample
before analysis. In both cases, the sampling line was
purged several times before the final sample was taken.
In the residence-time studies, the sampling line led to
nine previously evacuated gas sample bottles. A Cenco
Hy-Vac vacuum pump was employed throughout.
A small plug of knitting yarn filled the end of
the sampling tube in the back-mixing experiments. This
served as a filter to keep solids out of the sampling
and analytical equipment. The plug throttled the flow
of gas from the column, so that the sampling time was
about 30 to 40 seconds.
For the residence-time studies, a rack of nine gas
sample bottles connected to a common manifold was used
in order to draw successive samples at short intervals
of time. Three-way stopcocks were arranged in the mani-
fold so that it was only necessary to turn one stopcock
in order to seal off one bottle and divert the flow of
gas into the next.
The gas sample line in the residence-time studies
was provided with a short piece of glass tubing filled
with loosely packed glass wool; this acted as a filter
__;
4for any solid which passed through the 320-mesh screen
at the end of the sample tube.
One bottle at a time, the gas in each bottle was
displaced into the previously evacuated analyzer by means
of a mercury-filled leveling bottle which was connected
to the bottom of the sample bottles.
2. Gas Density Balance
In the first runs conducted in the small column,
the gas samples were analyzed for helium using an Edwards-
type gas density balance. In this device (Figure 5), a
horizontal beam having a small hollow bulb mounted at
one end and a mirror at the other was suspended in a
gas-tight chamber. Using a leveling bottle of mercury
and an outside reservoir of sample gas,the pressure in the
chamber was adjusted until the beam was balanced; the
pressure as indicated on an inclined manometer and the
temperature inside the chamber were observed. The com-
plete apparatus can be seen in the background of Figure
6 and is shown at the right side of Figure 1. Comparing
the results with those obtained for air (known molecular
weight), and assuming the perfect gas laws, it was pos-
sible to calculate the composition of the helium-air
mixtures. A drying tube filled with calcium chloride was
used to dry the gases before analysis. This piece of
apparatus gave considerable trouble and so was abandoned
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FIGURE 5. GAS DENSITY BALANCE
Key:
A - Float
B - Mirror and hairline
0 - 0.001" x 0.012" brass ribbon
D - Balance arm
E - Balance platform
F - Shell
G - Screw-on caps with glass windows
H - Balance frame
J - Check bars
K - Ribbon clamp
M - Gas ports
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in favor of the thermal conductivity analyzer.
3. Thermal Conductivity Analyzer
The bulk of the gas samples taken in the course
of this work were analyzed for helium in an electric
analyzer (see Figure 6), which took advantage of the
difference in the thermal conductivity of helium and of
air. A pair of thermal conductivity cells, consisting
of platinum wires enclosed in glass, were connected as
two of the legs of a Wheatstone Bridge circuit (see
VII APPENDIX A for details). The cells were suspended
in a constant temperature bath. One cell was used as a
standard and was always filled with air; the other cell
was used for analyzing the unknown air-helium mixtures.
The bridge circuit was operated in unbalance under a con-
stant impressed e.m.f.; the unbalance potential, which
was a measure of the helium concentration, was measured
by a potentiometer. Drying tubes filled with indicating
Drierite (calcium sulfate) served to dry the gas before
analysis. A calibration of helium concentration against
unbalance e.m.f. was made by repeated subdivision and
dilution of a known volume of helium. The analyzer gave
trouble-free operation and proved to be much faster in
use than the gas density balance.
Each day, before using the electric gas analyzer,
the zero-point was checked by drawing fresh air from the
rcolumn into both cells to determine any drift. This
was to prevent any damage to the circuit from going un-
noticed; in the seven-month period in which one calli-
bration was used, the zero-point drifted about 0.1 milli-
volts, which corresponds to about 0.03% helium and is
well within the accuracy desired. Once the zero-point
had been checked, the standard cell was sealed from the
rest of the sampling and analysis train, while the un-
known cell was evacuated in preparation for use.
D. Procedure in Back-Mixing Studies
All of the studies conducted in the course of this
work were made using a "batch" fluidized bed. Any small
amount of solid that was carried into the cyclone and
there separated from the gas stream was returned through
a tube leading to the bottom of the bed. This tube was
tightly clamped during the course of any run, so that no
gas flowed up the tube, bypassing the fluidized bed; the
solids were returned between data runs. In the case of
the glass beads, there was no solid carryover, and in the
case of the microspheres the carryover during a run was
less than 0.5% of the total solids present, even in the
case of the smallest size fractions.
The back-mixing runs were made in the small column
and conducted with the fluidized bed just filling the
column. The beds, due to the passage of bubbles and
slugging, fluctuated in height, and the weight of solid
in the bed for any given air velocity was adjusted so
that at the maximum height of the bed, just a little
solid entered the bottom of the disengaging section.
This gave an L/D ratio of roughly 24. Once the weight of
the solid and the superficial air velocity had been ad-
justed to the desired conditions, the helium feed to the
column was adjusted so that the helium concentration in
the exit stream was about 10%.,
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evacuated, so that once steady state had been reached
(i.e., helium concentration in the fluidized bed was not
a function of time), the sample line was purged and a
sample withdrawn from the column to be analyzed. When the
gas density balance was used, the helium was turned off
after each sample, and the exit concentration of helium
was calculated from the air and helium orifice readings.
This value was only occasionally checked by actual gas
sampling from the cyclone. However, when the thermal con-
ductivity analyzer was employed, the time for analysis
was short enough so that the helium could be economically
left on between samples; in this case, the exit concen-
tration of helium was determined by sampling and only
checked by orifice calculations. In addition to reading
the necessary manometers and thermometers for the air
and helium rates, the manometers indicating the static
pressures at the various levels in the bed were also
observed.
The column, gas lines, sampling and analytical
apparatus were checked daily for leaks; the column and
gas lines by use of a soap solution, and the sampling
apparatus by observing the rise in pressure in the evac-
uated system on a vacuum gage.
E. Procedure in Residence-Time Studies
Residence-time experiments were carried out in both
large and small columns. Bed heights of 37 and 70
inches in the small column and 35 inches in the large
column were studied. These heights were the distances
from the end of the sampling probe to the supporting
screen, The weight of solid in the column for any de-
sired gas velocity was adjusted so that, on the average,
the upward fluctuation of the bed carried the top of the
bed to the level of the sample probe; occasionally the
bed level rose slightly higher.
When the bed level had been adjusted to the proper
position, the gas bottles were evacuated and the flow of
helium to the conical section at the bottom of the column
adjusted to give about 15 to 20% helium in the helium and
air mixture. Flow and temperature readings were made,
along with observations as to the height and character of
rthe bed. The sample line was purged just before the
samples were to be drawn.
When the concentration of helium was uniform
thruoughout the bed, one sample was drawn Then oneough  h    pl  a  ra . e  one
man diverted the flow of helium from the column to the
room by means of a three-way stopcock attached to the
helium line about 2 inches from the conical section.
At the same time, another man started a stop watch, and
at the desired time intervals turned the three-way
stopcocks on the sampling train so as to divert the sam-
pled gas into one bottle after another. When all samples
had been taken, readings of the static pressures in the
column were taken, and then samples were analyzed one
at a time. The stop watch used in the timing made one
revolution every ten seconds, each second being divided
into ten parts; it was possible to time the turning of a
stopcock to 0.1 second. Experiment had shown that it
took about 0.5 seconds for the pressure in one of the
evacuated gas sample bottles to reach atmospheric, and
therefore all the desired times of sampling were led by
0.2 seconds, e.g., if a sample of gas was desired at 4
seconds after the helium had been turned off, the appro-
priate valve was turned at 3.8 seconds after the helium
had been turned off. By careful operation, it was pos-
sible to take samples at one-second intervals, if desired.
The glass wool filter in the sample line was changed
after each run, and was loosely packed so that the time
of sampling would not be affected.
F. Electrostatic Effects
In dry weather, and particularly with the glass
beads, electrostatic effects caused by the fluidization
were present. They gave rise to a different type of
solid motion than occurred under normal conditions. An
effective means of reducing the electrostatic charges
was to add one or two cubic centimeters of an 'anti-
static solution" sold by Forest Products, Inc., of
Cambridge, Mass. Humidification of the air also proved
effective. In order to note changes in air conditions
promoting electrostatic effects, the humidity of the
air from the blower was noted for each run.
~)t-~A
IV. RESULTS AND DISCUSSION OF RESULTS
A. Back-Mixing Studies
1. Experimental Results
The results of the back-mixing studies are sum-
marized in the following tables:
Table III No. 11 Glass Beads
Table IV No. 13 Glass Beads
Table V Microspheres, H
Table VI Microspheres, less fines, D
Table VII Microspheres, on 100 Mesh, E
Table VIII Microspheres, through 150 Mesh, F
Table IX Microspheres, fines only, G
The letters given are to identify the various solids.
The data in Tables III and V were collected largely by
Sweeney (22), and those of Tables IV and VI through IX by
Sleicher and Potter (27).
Radial traverses showing concentration gradients
are presented in Figures 7 through 17. These include
data taken both above and below the point where tracer was
injected. The vertical gradients in gas composition are
shown for one run at three different radii in Figures 18
through 20, which are representative of other runs. The
single tube injector was used in this run.
In the tables, the vertical distance below the point
of injection is reported; positions above the point of
injection are indicated by a negative sign (-). The
radii of sampling are designated positive if lying on
the side through which the sampling tube extended
(North) and negative if on the far side (South). The
following designations for sampling radii were used.
RO - center
R1 - 0.566 inches
R2 - 0.980 inches
R3 - 1.27 inches
R4 - 1.45 inches
R5 - 1.10 inches
R6 - 1.43 inches
RO, R1, R2, and R3 represent centers of equal areas,
while RO, R5, and R6 are the correct points for a Gauss
5-point integration (31). At one level, 11 inches above
injection, a sampling port is provided for East-West
sampling (see Figure 11).
Most of the investigations concerning back-mixing
were carried out in the smaller, or 3-inch column. The
bed height was adjusted so that the top of the fluidized
bed remained slightly below the disengaging section at all
times. If the average height of the bed is determined by
extrapolating the static pressure gradient up the column
to atmospheric pressure, it appears that the top of the
59
TABLE III
Average Values of C/Co for No. 11 Glass Beads
A. Single Tube Injection, 3-inch Column
Air Velocity: 0.6 0.9 1.2 1.8(ft./see.)































































































































































Air Velocity: 0.6 0.9 1.2 1.8
(ft./sec.) 0.6 0.9 1.2 1.8














































































































































































































Average Values of C/Co for No. 11 Glass Beads
B. Single Point Injection at 12 inches
below that of Table III-A, 3-inch
column











-16 - 1/2 1.59
-16 - 1 1.39










- 8 R5 1.29
- 8 R6 1.14
















Average Values of 0/0o for No. 13 Glass Beads
12 Tube Injection, 3-inch Column
Air Velocity 0.4 0.6 0.9 1.2(ft./lsec.):
Sample Numbers: 298-313 250-268 123-147 317-326




















































































*Note: This value disagrees strongly with that for the same
sample position shown higher up in the column of the table.
The two samples were taken under similar conditions but on
different occasions and no explanation is known.
Sample Position gives:(l) Inches below injection level














Average Values of C/Co for Microspheres, H,
Single Tube Injection, 3-inch Column






























































































































Average Values of C/Op for Miorospheres, D, less Fines
12 Tube Injection, 3-inch Column
Air Velocity: o.4 0.6 0.9 1.2(ft./see.) .
Sample Numbers: 361-384 385-408 409-436 437-466
Co 10.3% 7.4%, 8.0% 5-.45%,4).8% 3.6%
Sample Position:
4 RO 0.68 0.71 0.51 0.42
6 Ro 0.60 0.50 o.43 0.34
8 RO o.47 0.43 0.35 0.30
10 RO 0.36 0.30 0.33 0.24
12 RO 0.30 0.23 0.21 0.18
14 RO 0.23 0.18 0.16 0.15
16 RO 0.18 0.16 0.12 0.11
18 RO 0.19 0.13 0.088 -
-11 RO 1.01 1.07 1.04 1.08
-11 R1 1.06 1.06 1.07 1.05
-11 R2 1.06 1.10 1.02 1.09
-11 R3 1.03 1.o6 1.07 1.03
-11 R4 1.04 1.02 1.04
-11 average 1.04 1.07 1.05 1.06
-6 RO 1.19
- 6 R1 1.11
- 6 R2 1.09
- 6 R 1.06
-6 R4 1.05
6 RO 0.66 0.60 0.43 0.346 R1 0.72 0.63 0.43 o.45
6 R2 0.87 0.81 0.70 0.46
6 R3 1.21 0.79 0.75 0.61
6 R4 1.40 0.84 0.73 0.71
12 RO 0.30 0.22 0.26 0.16
12 R1 0.28 0.27 0.23 0.23
12 R2 0.43 o.44 0.37 0.27
12 R3 0.54 0.50 0.42 0.32
12 R4 0.52 0.47 0.36 0.38
Sample Position gives: (1) Inches below injection





Average Values of C/C9 for Microspheres, E,
Retained on 100 Mesh
12 Tube Injection, _-inch Column
Air Velocity 0.4 0.6 0 9 1.2(ft./sec.):
Sample Numbers: 487-524 525-543 544-564 565-579
Co 10.8% 8.3% 5.8% 4.5%
Sample Position
4 RO 0.45 0.57 0.60 0.50
5 RO 0.21 0.46 0.50
6 RO 0.14 0.30 0.43 0.41
7 RO 0.12 0.24 0.33
8 RO 0.066 0.18 0.30 0.34
9 RO 0.15 0.27
10 RO 0.11 0.20 0.29
12 RO 0.074 0.23
14 RO 0.099
-11 RO 1.01 1.01 1.10 1.13
-11 R1 1.05 1.00 1.12 1.16
-11 R2 1.06 1.03 1.18 1.21
-11 R3 1.10 1.09 1.13 1.27
-11 R4 1.05 1.12 1.16 1.18
-11 average 1.05 1.03 1.14 1.17
Sample Position gives: (1)(2) Inches below injectionRadius at which taken level
r
TABLE VIII
Average Values of C/Co for Microspheres, F,
through 150 Mleh. less Fines
12 Tube Injection, 3-inch Column
Air Velocity: 0.4 0.6 0.9 1.2(ft./see.)
Sample Numbers: 580-593 594-607 608-621 622-636
Co 10.6% 7. 5.1 3.8%
Sample Position
I RO 0.79








4 RO 0.84 0.68 0.63 0.58
6 RO 0.725 0.545 0.47 0.465
8 Ro 0.505 0.50 0.38 0.345
10 RO 0.43 0.33 0.31 0.345
12 RO 0.31 0.37 0.25 0.265
14 RO 0.26 0.22 0.18 0.195
16 RO 0.245 0.23 0.155 0.16
18 RO 0.177 0.167 0.15 0.12
-11 RO 1.01 1.065 1.05 1.05
-11 R1 1.04 1.015 1.10 1.04
-11 R2 1.075 1.045 1.08 1.08
-11 R3 1.07 1.025 1.05 1.08
-11 R4 1.03 1.035 1.03 1.08
Various Helium Rates with Air Velocity of 0.9 ft./sec.
Co: 3.48% 5.0% 7.3% 10.1%
Sample Position
4 RO 0.56 0.60 0.45
6 RO 0.42 0.47 0.425
8 RO 0.39 0.37 0.35 0.285
10 RO 0.33 0.30 0.29
12 RO 0.23 0.25 0.225
14 RO 0.205 0.18 0.21 0.17
16 RO 0.16 0.15
18 RO 0.15 0.087
Sample Position gives: (1) Inches below injection level(2) Radius at which taken
6 ;6
TABLE IX
Average Values of C/Co for Microspheres, G, Fines Only
12-Tube Injection - 3-inch Column
Air Velocity o.4 0.6 0.9 1.2(ft./sec.)
Sample Numbers: 751-761 762-768 769-784 No runs
made
Co 10.6% 6.9% 7.65%
Sample Position
4 RO 0.29 0.23 0.235
5 Ro 0.24 0.195 0.206 RO 0.17 0.14 0.14
7 RO 0.17 0.12 0.11
8 RO 0.127 0.105 0.0869 RO 0.104 0.084 0.078
10 RO 0.086
-11 RO o.98 0.98
-11 R1 0.99
-11 R2 0.97 0.98
-11 R3 0.97
Sample Position gives: (1) Inches below injection level
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bed ranged from 4-1/2 to 5-1/2 feet in height (see
VII APPENDIX D). This corresponds to a length to
diameter ratio, L/D, of about 20.
Since it was desired to study the physical mixing
of the gases in fluidized-solids beds, helium was used
exclusively as a tracer. Helium, with its extremely
low adsorptivity (10) should reduce the effects of ad-
sorption to a minimum.
All the plots shown express the gas composition as
the ratio of the concentration, C, existing at some
point to the concentration, Co, in the exit stream; this
dimensionless ratio, C/Cowas used to eliminate the
effects of minor variations in Co.
Calculation and Reliability of Results
In the results listed in Tables III and V, the
values of C are the analyses of the gas samples obtained
using the gas density balance; Co represents the calcu-
lated composition of the gas leaving the cyclone based
on the helium and air orifice readings. The details of
the method of calculation are shown in VII APPENDIX C.
An error analysis of one run (see VII APPENDIX C) showed
that the maximum error in Co was about 1/2 of 1% of
helium and in C was about the same, giving a maximum error
in C/Co of 9%. This value is probably high compared to
the average error but does suggest that there may be some
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scatter due only to errors introduced in taking read-
ings.
The data listed in Tables IV and VI through IX
are based entirely on gas analyses performed in the
electric analyzer. 0 is the analysis of the gas from
the point being studied and 00 is based on the analysis
of a sample of gas drawn from the cyclone separator:
this latter value was checked by the stoichiometric
value based on the orifice readings. Using the electric
analyzer, it was possible to determine the composition
of a gas sample to within about 0.05% helium; for the
sample in the error analysis cited above, the error in
C/Co would be about 0.5%. Thus, it was felt that analy-
sis of the exit gas by the electric analyzer would pro-
vide a more reliable basis for C than the orifice cal-
culations.
When traverses were made, symmetry of mixing about
the axis of the column was assumed, and in most eases
samples were only taken along one-half a diameter. A
few traverses were made across the whole diameter and
are presented in Figure 11 which shows that this was a
reasonable assumption.
Since small diameter tubing was used for the in-
jection of the tracer gas, the superficial velocity of
the gas leaving the tube was considerably higher than
memm -·qq
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the superficial velocity of the air in the column. In
the single glass tube (0.141 inches I.D.), which direct-
ed the tracer upwards along the axis of the Lucite tube,
the superficial velocity of the helium ranged from 50
to 80 ft./seo. as compared to superficial air velocities
of 0.6 to 1.8 ft./sec. In the 12-point injection sys-
tem, the total cross section area for flow of the 12
steel tubes (0.065 inches I.D.) was 2.55 times that of
the single glass tube, and, in addition, use of the
electric analyzer permitted the use of lower values of
Co. Therefore, for a given air velocity, the injection
velocity of the tracer in the multi-tubular arrangement
was one-third, or less, that of the single tube. In the
12-tube system, the helium was injected in a plane per-
pendicular to the axis of the column. When the helium
was not flowing, there was no noticeable change in the
character of fluidization; when the helium was being in-
jected into the bed, the only change noticed was that
large slugs were generally broken as they passed the in-
jection level.
Due to the plug of wool in the end of the sampling
tube, the time of sampling in most cases was about 30
seconds. No attempt was made to keep the time constant
from sample to sample. Instead the sample was drawn
until the pressure in the sampling train was substantially
atmospheric; this time varied slightly from sample to
sample. In general, the reproducibility obtained in
repeat samples was good and this was taken to mean that
the sampling time was sufficient to smooth out any
fluctuations in gas composition that might occur over

















2 RO 0.30, 0.26
0.26, 0.26
2 RO 0.21, 0.26
.2 RO 0.15, 0.27
0.16, 0.17
8 RO 0.15, 0.30
0.26, 0.24
Usually, repeat samples gave analyses agreeing within
about 10 to 15%. In cases where the sample was Judged
to be inconsistent with the composition of samples taken
from positions near by, at least two repeat samples were
taken as a check.
Spherical glass beads and petroleum cracking micro-
spheres were the only solids employed in these gas mixing
0
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rstudies. Preliminary work on filtrol clay and finely
divided anthracite coal (100 to 200 Mesh) showed that
the losses due to elutriation amounted to about 10% of
the total charge in 1/2 hour; this could not be con-
sidered batch operation. In addition, fines from both
these materials plugged the sample filter completely,
preventing gas withdrawal.
2. Samp ling Problem and Gas Flow Pattern
Figures 18, 19, and 20 show the vertical gradients
in gas composition occurring when the single point in-
jection system was employed. Figure 18 gives the compo-
sition of the gas along the axis of the tube at points
above and below the point of injection. As would be ex-
pected, the concentration immediately above the injec-
tion is very high and then falls off farther up the
column as the center stream becomes mixed with the sur-
rounding gas. Below the point of injection, helium is
detectable for over a foot, indicating that there is
considerable back-mixing of the gases. Figures 19 and
20 show similar data taken at distances of 1.10 and 1.43
inches from the center of the 3-inch I.D. column. Below
the injection level, these figures show trends similar
to that of Figure 18, but above this point the trends are
reversed. Considering the system employed, these dif-
ferences are to be expected.
The data presented in Figures 7, 8, 9, 11, and
12, concerning concentration gradients across a flui-
dized bed above the level of injection, require exami-
nation. As indicated in Figures 18, 19, and 20, the
concentration at the center of the tube just above the
level of injection is very high, decreasing at greater
radii. It can be seen that the concentration gradient
goes through a minimum at some point between the cen-
ter of the tube and the wall. However, the interesting
point is that at higher levels in the bed, the concen-
tration of tracer at every point across the bed appears
to be significantly greater than the exit concentration;
0/C0 averages about 1.5 to 1.8. Some explanation is
required for this apparent violation of a material bal-
ance.
Analysis of samples of gas taken from the cyclone
separator agreed with the calculated exit composition
within 1 or 2%. Thus, consideration of leaks and faulty
analysis as an explanation of the anomaly was eliminated.
Several different possible causes of the irregu-
larity were investigated and the results of these studies
will be presented in the following paragraphs. Recycling
of helium within the bed, due to adsorption of helium on
the solids, was deemed unlikely considering the low ad-
sorptivity of helium compared to oxygen and nitrogen and
the nature of the glass beads used.
The effect caused by disturbance of the flow
pattern within the bed by the upward injection of the
tracer through the single injection tube was studied.
The position of the injection tube was reversed; so
that the tracer was injected downward along the axis
of the tube. The results of this experiment are shown
in the following table:
TABLE XI
Downward Injection of Tracer
No. 13 Glass Beads












Use of the 12-point injection system with No. 13 Glass
Beads gave a flatter concentration profile than did the
single tube (see Figure 11), but at 11 inches above the
injection level, C/Co was still 1.140. It would be ex-
pected that these three different methods of injection
would alter the flow pattern differently, and yet the




mained approximately the same for all three. There-
fore, it is felt that disturbance of the flow pattern
was probably not the primary source of error in C/Oo .
Explanations based on faulty sampling were next
explored. Due to the differences in the molecular
weights of helium and the principal constituents of air,
it was conceivable that the small sampling tube, with
its tightly packed wool filter, would lead to barrier
diffusion, and hence to selective sampling of helium.
To check this, the sample probe was placed in a test-
tube filled with glass beads. The test-tube was then
lowered into the cyclone, where the gas composition was
known to agree with the orifice readings. Two samples
were taken and the values of C/Co were 1.01 and 0.98;
on this basis the barrier diffusion explanation was re-
jected.
Figure 11 shows that the average tracer concentra-
tion obtained at a level 11 inches above the plane of
the 12-point injection was slightly less than that of
the single tube injector, and that the average value of
C/Co had dropped from 1.40 at 11 inches above, to about
1.16, 16 inches above the twelve steel tubes. In an-
other experiment tracer was injected into the air stream
below the 200-mesh screen in the conical section at the




ing composition traverses for the cases when glass
beads were present and when the column was empty.
These findings indicate that the composition of a gas
sample withdrawn from within a fluidized bed depended
on how well the gases at the point of withdrawal were
mixed. When the gases were well mixed by introduction
into the cone below the screen before entering the
bed, no discrepancy between gas analyses and a material
balance was noticed; when more time was allowed for
mixing, by withdrawing the sample farther from the in-
jection level, less discrepancy was present. From
these results, it appeared that the gases in the fluid
bed were not of uniform composition at any particular
point, and that this variation in composition was in
some way responsible for the anomalous results obtained
with internal sampling.
Two possibilities were immediately evident. It
was conceivable that the gas was being drawn from the
region near the axis of the column (where the concentra-
tion of helium was highest) even in cases where the end
of the sample tube was near the wall. This would happen
if there was little gas flow through the solid in this
region under normal conditions. The second possibility
was based on the difference in the density of helium and
air and the finding that there apparently were regions
it1&
where these two gases were not well mixed. If air
and helium are subjected to the same pressure drop
over a certain path under conditions of turbulent
flow then the helium will flow faster than the air
due to its lower density. There was probably a slight
pressure gradient in the bed in the vicinity of the
tip of the probe during sampling. (It was estimated
from the time of sampling that the sample tube draws
gas from a distance of about 3 mm. from its tip.) Thus,
there was a possibility that a sample drawn from non-
uniform mixtures of helium and air would give an analy-
sis of the tracer higher than the average composition
in the bed at the point of sampling. Both of these
potentialities were investigated by varying the rate of
sampling; if either of these explanations were correct,
lower values of C/Co should have resulted with decreas-
ing sampling rates. The results of these tests are
shown in Table XII which indicates that the value of C/Co
did not decrease as the rate of sampling was decreased.
In order to find out if there were momentary dif-
ferences in gas composition at any point in a fluidized
bed, samples of gas were taken preferentially from re-
gions of dense solid phase and lean solid phase. In
brief, the method consisted of pinching the small tube
leading from the sample probe with a pair of pliers until
"M L~----~---------------
TABLE XII























- -- --- -- --




No. 13 Glass Beads, A
Uo = 0.9 ft./see.
Single Glass Injection Tube, pointed
. . . - v
9;)'*
a bubble (region of "lean" phase) passed by; the tube
was released while the bubble surrounded the tip of
the probe and was pinched again as the bubble passed
on. The same technique was employed to draw samples
from the dense phase. This method was admittedly crude,
and the analyses of the samples represent the gas com-
position of several bubbles or regions of high solids
density. Nevertheless, the analyses should tend toward
the gas composition of the dense and lean phases; the
results of such sampling are presented in Table XIII.
The concentration of tracer in the lean phase or bubbles,
was in every case found to be less than that in the
dense phase and in the normal sample. The helium con-
centration in the dense phase was approximately the
same as in the normal sample: in the cases where any
significant difference between these two existed, the
dense phase sample gave a higher concentration of tracer
than did the normal sample. Due to the crude sampling
technique, the actual differences in gas composition are
believed to be greater than those obtained.
Such selective sampling was only feasible with the
glass beads and large microspheres. Fluidization of
these solids gave large bubbles and slugging, while with
finer microspheres the bubbles were so small as to render
impossible selective sampling by the technique described
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TABLE XIII
Void and Solids Sampling
Values of C/C0






























B. No. 13 Glass Beads, 12-point Injection System, Sample
Numbers 313-5, 273-90, 320-26.
Air Sample Normal Lean Dense
Velocity Position Sample Phase Phase
(ft./sec.) Sample: Sample:
0.4 5 RO 0.55 0.37
5 RO 0.27
Ave. 0 Ave. 0.32
0.6 10 RO 0.44 0.19, 0.16 0.61, 0.53
10 RO 0.38 0.22, 0.18 0.56, 0.75
10 RO 0.18 0.78, 0.73
10 RO 0.40, 0.39
Ave. 0.41 Ave. 0.18 Ave. 9
1.2 10 RO 0 .89.
1.6 10 RO 0.95 0.67 0.96
10 RO 0.69 0.22













0. Microspheres on 100-Mesh, Sample Numbers 496-573
Air Sample Normal Lean Dense
Velocity Position Sample Phase Phase(ft./sec.)




Ave. 0.135 Ave. 0.125 Ave. 0.16





Ave. 0.38 Ave. 0.22
1.2 8 RO 0.34 0.30 0.32
0.24
Ave. 0.34 Ave. 0.27 Ave. 0.2
,95f?
above.
With this knowledge that differences in gas com-
position in the dense and lean phases can, and do,
exist, it can be shown that gas samples drawn from with-
in a fluidized bed may not represent the average com-
position of all the gas passing the sample probe. Let
the fraction of the bed occupied by the lean phase be
called "Y", and the fraction of the total gas (tracer
and air) flowing through the lean phase be OZV; the
fraction of a normal sample drawn from the lean phase
is assumed to equal Y. Then for a normal sample drawn
from above the injection level,




+  i-)(1-Iv)C 0 (1-Z)(-V
(See VII APPENDIX B.) This equation is plotted in Fig-
ure 21, which shows that only when Y=Z does C/Co equal
unity above the point of injection; in all other cases
where no gas transfer occurs between dense and lean
phases, the value of C/C is greater than unity. While
no exact information concerning the values of Y and Z
are available, if the gas in the bubbles rises faster
than that in the dense phase, as seems probable, then
Z is greater than Y, and any normal samples withdrawn
from above the point of injection would be in error if




While the proof presented does not apply directly to
regions below the point of injection, consideration of
the experimental technique and bed action indicates
that when sampling error is present above the point of
injection it is also present below the point of injec-
tion.
In the mixing experiments, there undoubtedly was
some transfer of gas between dense to lean phases, and
such transfer would reduce the error due to sampling.
However, it is believed that this sampling error is in-
herent to fluidized beds and is the cause of the anomaly
concerning values of C/Co above the point of injection.
Furthermore, the fact that the results do indicate this
type of error, coupled with the actual dense and lean
phase sampling, is taken to mean that significant dif-
ferences in gas composition between dense and lean phases,
once created, can exist in fluidized beds. This is of
importance not only in the studies of gas mixing but also
is pertinent to chemical reaction studies carried out in
fluidized beds.
Gas Flow Pattern
Before continuing with an examination of the effect
of this sampling error on gas mixing studies, it will be
necessary to discuss the evidence concerning the gas flow
pattern found in fluidized beds.
I _
The radial concentration gradients presented in
Figures 7 through 15 lead to the conclusion that there
was a definite flow pattern of the gas. The curves
indicate that the probable flow of gas was upward in
the center of the bed and downward along the walls,
with varying amounts of side-mixing between these two
zones.
Visual examination of fluid beds shows that the
motion of the solids is downward at the walls, and hence
upward in the middle, but this would not necessarily
entail any significant downflow of gas. If, however,
this were the gas pattern, then it would be expected
that immediately above the point of injection, the con-
centration of tracer would be high and gradually decrease
on mixing with the surrounding gas. Thus, there would
be a relatively high concentration of tracer at all
levels above the injector, and the gas along the wall
would be flowing downward giving a high concentration of
tracer in the gas at the wall below the injection level.
Figures 7 through 10, which set forth results obtained
with No. 11 glass beads, show that below the point of
injection the concentration profile was quite flat in
the central portion, rising slightly near the walls. This
would indicate that there was flow of gas from the region
adjacent to the wall, and that the transfer of gas was
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relatively rapid. However, in the figures showing
the microsphere data, much steeper gradients are
found between the center and the wall at levels below
the plane of injection, implying a much slower trans-
fer of gas from the walls to the center. This picture
of gas flow agrees with the work of Ciborowski (6) on
solid mixing.
Additional information concerning the error due
to sampling can be obtained from a calculation of the
gas velocities required along the wall and in the core
of the bed in order to maintain the concentration pro-
files observed below the point of injection. This in-
volves the use of the circulation pattern described
above as the mechanism of gas mixing. If it is assumed
that a region of upflow and a region of downflow exist,
and that the gas velocity and composition across both
of these core and annular spaces are uniform, then it
is possible to estimate the core and annular velocities
by using the following equations:
uC  2.25 CA (2-IV)
--- = (2-IV)
Uo R2 (CA- )
uA 2.25 CC
---- = (3-IV)
uo (2.25 - R2)(CA-Co )
where Re= assumed radius of core, inches,and subscripts
A and C refer to the annulus and core, respectively.
(See VII APPENDIX 0.) The effect of the assumed values
for the radius of the core, R, can be seen in these
two equations. For reasonable values of R., which can
be estimated from Figures 13, 14, and 15, the ratio of
uA/uo is fairly insensitive to changes in R., while the
ratio of u C/u o is quite sensitive to changes in the as-
sumed value of RC .
Core and annular velocities, based on Figures 13,
14, and 15, are presented in Table XIV. To show the
effect of R%, two different values were used for each
run. The presence of the solids has been neglected in
calculating these values.
All of the values of uA/uo, representing the ratio
of the annular velocity to the superficial velocity,
seem high. Visual timing of pieces of coal in beds of
microspheres places the down-velocity of solids near the
wall'at about one-half the superficial air velocity;
this is in general agreement with the values reported by
Carlsmith and Freund (2) in their studies on solids mix-
ing. If the ratio of uA/uo for the gases is assumed to
be one-half, the material balance fixes the ratio of
uG/u o at 5.5 for R0 equal to 0.75 and at 13 for RO equal
to 0.5 regardless of the gas composition, again showing
1
TABLE XIV
Core and Annular Velocities from Back-Mixing Data
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Solid . Position Radius of uC  U UC UA
S of Core uo  u o
Traverse Inches
Microspheres, D 1.2 6 0.6 14 1.3 12 1.1
less fines 12 0.6 12 0. 11 0.8
Ave 1 1.1 12 0.9
6 8.1 1.5 6.8 1.3
12 6 1. .1
Ave 1.3 6.2 1.1
Microspheres, F 0.6 6 0.5 18 1.6 30 2.6
thru 150-mesh 12 0.5 16 1.4 27 2.2
Ave 17 13 7 2-7
6 0.8 7.0 2.0 12 3.3
12 0.75 7. 1.6 12 &.
Ave TT T7
Microspheres, F 0.9 6 0.4 60 3.6 67 4.0
thru 150-mesh
6 0.6 27 4.0 30 4.4
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that the value chosen for R0 has a large effect on
the ratio u0/uo . Some of the values for the ratio
of core velocity to superficial velocity, uo/Uo,
agree with the ratios of maximum core velocity to
superficial velocity obtained in the residence-time
studies (see Table XIX).
Admittedly, the assumptions used in calculating
the values given in Table XIV simplify the picture
greatly and do not allow for rapid local eddies which
might account partially for the high values obtained.
However, a very likely explanation for the high calcu-
lated velocities is that of sampling error. If the
transfer between dense and lean phases is slow, the
samples withdrawn from the column will give high values
for the gas composition. The error will be largest in
the core where the majority of the bubbles rise; a
small error in the concentration of gas in the core
would account for the high velocities derived from the
traverses. This interpretation is supported by the
sharp concentration gradients that were obtained below
the point of injection, which indicate that the flow of
gas from wall to center is slow with the microspheres.
Therefore, the presence of some sampling error in the
data seems likely. This conclusion is not contradicted
by the fact that average values of C/Co above the point
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of injection are close to unity, since the 12 jets
of tracer tend to distribute the helium across the
whole bed eliminating large differences in tracer
concentration.
Eleven inches above the point of injection, the
values of C/Co obtained for Microspheres, G, were al-
most unity (see Figure 16). The fluidization of this
size cut was very smooth; the top of the bed hardly
fluctuated at all, and only very small bubbles, about
1/4-inch in diameter,or smaller, were evident. These
moved around in a much more random fashion than did
the bubbles in the other sizes of microspheres or in
the glass beads. It may well be that the sampling
error with these very small microspheres was negligible
due to the unusual action of the bed.
Consideration of the sampling problem seems to
indicate two factors that should have an influence on
the error introduced on withdrawal of gas. One is the
size and number of bubbles passing through the bed; the
other is transfer of gas between the dense and lean
phases. If the number of bubbles is decreased, then it
seems likely that Z will approach Y, reducing the error,
and as the size of the bubbles decreases, the area for
exchange of gas between the two phases increases for a
given fraction of lean phase in the bed, tending to
I iE
reduce sampling error. As the size of the particles
decreases and the amount of fines increases, the
interstitial spaces between particles decrease in size,
and this probably decreases the flow of gas between
the two phases, fostering differences in concentrations
and so increasing the error due to sampling. It is
obvious that the larger the difference in concentration
of tracer in dense and lean phases, the greater will be
the magnitude of the sampling error; with identical gas
composition in both phases, there would be no error due
to sampling.
The possibility of errors in the data due to
sampling does place doubt on any quantitative conclu-
sions to be drawn. Nevertheless, the data do show cer-
tain trends from which valid qualitative conclusions may
be drawn. Recognition of the error that may be present
to a greater or less degree in the experimental data
does not nullify any comparison of the relative magni-
tudes of the gas compositions measured.
Several qualitative conclusions based on the internal
gas mixing studies are of interest. There is definite
back-mixing of gases in fluidized beds. The experimen-
tal evidence points to a definite flow pattern of the
gas, consisting of flow up the middle of the bed and flow
down along the walls; superimposed on this pattern is a
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Ivarying degree of side-mixing of the gases between
the two zones. Based on the findings with micro-
spheres and glass beads, it appears that this trans-
fer decreases as the particle size decreases and the
amount of fines increases. The transfer of gas
through the interstices of fluidized beds can be quite
slow, so that concentration differences between dense
and lean phases, once established, can be maintained.
It is therefore possible for appreciable concentration
gradients to exist in the gases at a given level in a
fluidized bed. Due to the bubbling action, withdrawal
of gas from within the bed may lead to samples that
do not represent the average composition of the gas
passing the sample probe. A study of bubble action and
the development of a method for accurately sampling from
dense and lean phases should lead to a better understand-
ing of the mixing of gases in fluidized beds.
3. Correlation of Back-Mixing Results
There is definite evidence in the data obtained
during the back-mixing studies indicating vertical gra-
dients in gas concentration in fluidized beds. A method
for predicting these vertical concentration gradients
would be of value in the application of the fluidized
technique to chemical problems. However, if the method
is based on an empirical correlation of the data collected
1C8
by normal internal sampling, any use of the correla-
tions must be tempered by an appreciation of the
errors inherent to them and of the flow pattern in
the beds.
In order to correlate the down-mixing data, an
attempt was made to fit them to an eddy diffusivity
type of equation
dA -E dC (4-IV)
where NA = quantity of gas "A" transferred per unit area
C = concentration
0 = time
E = eddy, or down-mixing, diffusivity
x = distance
Using the experimental technique described earlier,
the system comes to steady state, where the amount of
tracer carried down the column by mixing is equal to
that carried up by the net flow of gas. In order to
integrate Equation (4-IV) under these conditions, two as-
sumptions must be made: (1) the gas velooity and concen-
tration of tracer are uniform across any cross section,
and (2) the eddy diffusivity is constant. While the
validity of these assumptions is doubtful, especially the
first, the resulting value of E should be an indication
rC
of the average down-mixing. Integration of the equa-
tion and substitution of the following boundary con-
ditions:
at x = O, C = c0 (5-IV)
at x = Li, 0 = 0 (6-IV)
where Li = distance to bottom of bed,
results in
exp. (- -) exp.( (- L
0 exp. u OL,(7-IV)
•'o 1 - exp. ---E--
(See VII APPENDIX B.)
It follows that
d (ln C/Co ) u 0 /E
dx = - T uoLiF (8-IV)dx /uo(L-x)
S- exp. - E
For sufficiently large values of u 0 /E and/or where x is
small compared to L, (8-IV) reduces to
d (ln C/Co) u
=d- -- (9-IV)dx E
or
In = - (x) (10-IV)z__ E
0
Equations (9-IV) and (10-IV) can be obtained from (4-IV)
by substituting the boundary condition
at x = co, C = 0 (ll-IV)
for (6-IV). This substitution can only be Justified if
.W
deep beds are being considered. Kennel (12) employed
this latter approach.
These relationships are tested by plotting the
logarithm of the concentration ratio as a function of
the distance below the injection point. Only data
taken at least two inches below the injector are con-
sidered. If the data fit the simplified equation (10-IV),
a straight line should result having a slope of -uo/E,
while if the data are characterized by (7-IV), a curved
line concave downward should result. The value of u 0 /E
can be determined from the slope of this curved line at
C/ o = 0 (x = 0), utilizing equation (8-IV).
As an example, Figure 22 gives the results of a
study made with No. 11 glass beads at an air velocity of
0.9 ft./sec. with the single tube injector. (The graphs
of the other runs will be found in VII APPENDIX D.) Data
are shown for three different radii, and within the
scatter of the data a single line is characteristic of
the three sets. The slope of the line, representing
u o/E, is 2.5 reciprocal feet. The values of E obtained
in the other runs are given in Table XV. Also included
in this table are the values found by Kennel (12) and
Ciborowski (6) in the course of their studies. All of
these values have been obtained using the method of











































- - ! --
.49
Iii
-, ... 1- ~
721:~
ABOVE BELOW
Inches from Point of Injection
14 16
t. .



































































































































































--- --~--- -~--1 -I --~`-I"-`~ -"-~~`'~ '~~~- '-~ ~' "~ -~-~ ~' '---~~-~-~~I' -'-~ `-"~~ -~` ~ -------- ·- ------------- ;------



























































































































































- ~e~--~-~__ ~-=-. I _-. Las~·or~·-·**~l-rpI~r- .-1 1. 1II ~^Ll--.- 1 I I 1 114  -~I..I---I-- -I--I-·.- ~
114
curvature was displayed by the experimental points,
especially with the samples taken farthest from the
point of injection (high values of x). In these cases
the samples taken at high values of x were disregarded
and straight lines drawn through the rest of the points.
Since the slopes were greater than unity and L was
2-1/2 feet, the error introduced on setting uo/E equal
to the slope, instead of using equation (8-IV) at x = 0,
was always less than 5%; the accuracy in the data points
will not permit estimation of the slopes with this de-
gree of certainty, so that no significant error is intro-
duced by disregarding the points at high values of x.
In general, the values were obtained from plots of the
axial concentration gradients.
The values of C/Co extrapolated to x = 0 was found
to vary from run to run, and in an attempt to find the
explanation, several runs were made with constant air
velocity under conditions of varying rates of helium in-
jection. These were made with Microspheres, F, and the
data are summarized in Figure 23 (see VII APPENDIX D for
data points). It can be seen that the increase in
helium rate did not change the slope of the line, uo/E ,
significantly, but did tend to shift the intercept at
x = 0 to lower values of C/Co  The intercept at
x = 0 was less than unity in all the single tube runs.
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In some runs, at low velocities with the multi-point
injector, the intercept at x = 0 is greater than
unity, and this is attributed to errors introduced
through sampling and to extrapolation of the data into
the injection zone. Since the intercepts at x = 0 are
dependent on the arbitrary helium rate, no attempt has
been made to introduce any correction for the intercept
in the derived equations, or to develop any correlation
concerning these intercepts.
Examination of Table XV does not reveal any strik-
ing trend in the value of the eddy diffusivity with
particle size. If the data for different sizes are
compared at constant velocity, Microspheres D and F,
having mean sizes of 105 to 70 microns, respectively, ex-
hibit about the same values for E; these are larger than
the values of E for Microspheres G, which have a mean
diameter of 17 microns. On the other hand, the opposite
tendency is revealed when the information on the glass
beads is examined, where it appears that E increases with
decreasing particle size.
Figure 24 presents the data of all investigators by
plotting the eddy diffusivity against the superficial
air velocity. It is possible to draw reasonably straight
lines through the data of several of the different solids
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view of the errors known to occur in sampling, an
extended probing of the data hardly seems justified.
It does appear that the eddy diffusivity increases
with the superficial velocity. For the purpose of
order of magnitude results, the dimensional equation
E = 0.5 (uo)1.2 (12-IV)
is reasonably representative of all the data. This is
not meant to imply that E is a function of superficial
velocity only. Since bed density decreases with increas-
ing gas velocity, the eddy diffusivity can not increase
indefinitely with u o .
Towle (34) working in empty tubes found that the
eddy diffusivity was a linear function of the Reynolds
number, based on tube diameter, and Polack (26) found
the eddy diffusivity of packed beds varied with the
Reynolds number raised to the 1.2 power, using the par-
ticle diameter as the size variable.
If a correlation based on the Reynolds analogy is
expected to apply to fluidized beds, the problem con-
cerning the pertinent variables is raised. A choice
between the properties of the supporting fluid alone and
those of the fluid bed, including solids, must be made;
a consistent approach would seem the most sensible. If
the Reynolds number based on the tube diameter, gas
J1 11A9
velocity, density and viscosity is used, the experi-
mental data would appear as in Figure 24, as all the
reliable work was conducted in a 3-inch tube using
atmospheric air.
Since the mixing of gases in fluidized beds is
primarily due to the presence of the solids, use of the
properties of the fluid bed might be indicated. The
diameter of the particles would seem to be important as
it appears to have bearing on the rate of gas flow
through the interstices; the diameter of the bed may
also have an effect due to its influence on the solid
circulation pattern. The solids density of the fluidized
bed should be important, since it is a measure of the
porosity of the bed. The viscosity of the bed appears
to be a measure of the slugging tendency of the bed (20).
In batch beds, the gas velocity should have an influence
on the gas mixing, since increasing gas velocity promotes
more and larger bubbles (2) and increases the solid cir-
culation rate (2). The net solids velocity in batch
beds is zero.
Figure 25 shows the data of this investigation plot-
ted as the eddy diffusivity, E, against the product of
the superficial gas velocity times the bed density, u opB.
It is evident that such a plot separates the data obtained
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on microspheres, with the exception of the largest
diameter fraction, E, can be represented by a straight
line having a slope of 1.2. A straight line having
a slope of 2.7 has been drawn through the results ob-
tained with glass beads; the scatter is worse than
with the microspheres.
This method of plotting was chosen since quanti-
tative information concerning the viscosity of the
beds is not available, and inclusion of the particle
diameter in the abscissa product would separate the
data. However, it appears that these two factors, if
included to form a Reynolds grouping, might act to
offset each other and even bring the data of the two
solids together. With the exception of the "aE frac-
tion, the microspheres gave a bubbling type of fluidi-
zation, while the "E" out and the glass beads slugged.
Matheson, et.al., (20), report that spherical particles
and slugging beds exhibited higher viscosities than ir-
regular shaped particles and bubbling beds, and the
viscosity was found to increase with increasing particle
size. They also report that the viscosity decreased
rapidly with increasing gas velocity. If these findings
apply to the present data, inclusion of the particle
diameter and bed viscosity in a Reynolds group would
tend to bring the data of the two solids together. In-
_ __ 
__· __
formation concerning the viscosities of fluidized
beds and the effect of Viscosity on bubble formation
and growth would be of value in checking this hypothe-
sis.
It bears repeating that these correlations are
based on gas samples which do not represent the ave-
rage composition of all the gas passing the point of
sampling, and hence it is recommended that the use of
the plots and empirical relationships presented be
judicious.
The significance of these findings on back-mixing
in relation to the use of fluidized beds in chemical
reactors will be discussed in a subsequent section.
B. Residence-Time Studies
1. Experimental Results
The results of the residence-time studies are
presented in summary form in Figures 26 through G1.
Data obtained for different sizes of microspheres and
glass beads, under conditions of varying superficial
gas velocity, and bed height and diameter are shown.
The tabulated data may be found in VII APPENDIX D.
The following code has been used to number the
various runs: Type of Solids-Bed Dimensions-Superficial
Velocity. The types of solids are classified in III
PROCEDURE. Bed dimensions are designated as 37, 70, or
35L, standing for bed heights of 37 or 70 inches in the
3-inch column, or a bed of 35 inches in the 4-1/2-inch
column, respectively, (L denotes larger column). The
following letters are used to denote superficial veloc-
ities:
A = 0.4 ft./sec. D = 1.0 ft./sec.
B = 0.6 ft./sec. E = 1.2 ft./sec.
C = 0.8 ft./sec. F = 1.4 ft./sec.
As an example of the method of designation, M2-35L-C
would represent a run made with Microspheres, 2, in the
4-1/2-inch column with a bed height of 35 inches, under
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All of the data are plotted with 0/C0 as ordinate
and the group QQ/V&, as abscissa. For the residence-
time experiments the symbols have the following mean-
ings:
C = concentration of tracer in gas leaving bed at
time 0
C = initial concentration of tracer in bed:0
time Q = 0
Q = volumetric flow rate, ft. 3/min.
9 = time since first "fresh" gas entered bed
V = total volume of fluidized bed
6 = fraction voids
"Fresh" gas is gas that enters the bottom of the
bed after the last tracer has entered: time ýO0.
Consideration will show that the group, C/Co, denotes
the concentration in the exit stream of the original
helium-air mixture at time @. Thus, it is possible to
consider the original mixture of helium in air (usually
around 16% helium) as a homogeneous gas that can be
detected in the presence of air. When tracer gas is
mentioned in the following discussion, reference is being
made to this helium-air mixture that was present at time
zero, i.e., before the helium was turned off. Pure he-
lium was not used as the tracer since it was felt that
the switch from pure helium to air might cause a signi-
ficant change in the manner of fluidization. As a con-
sequence of this technique, the concentration of "fresh"
C--L ~---~-
I
gas in the exit stream at any time is denoted by
the quantity 1-C/Co.
The product of the total bed volume, V, and the
fraction voids,6 , equals the void, or gas, volume of
the fluidized bed. Thus, QG/Ve, represents the num-
nss ~~I tkp ar·lt atrrpam at. any t4mr la Aarrh~pA htrgas in the exit stream at ang time is denoted bg
ber of voZumes of g;as equal to t~e void volume of the
t
er f l s f  l to the i  l  f he
bed, that have left (or entered) the bed since time
equal to zero. By removing time as a variable this
method of plotting places runs made with different size
beds and different gas velocities on a comparable basis.
Calculation and Reliability of Results
It was necessary to take into account the tracer
gas that was in the conical distributing section below
the fluidized bed. Since the stop watch was started
when the valve on the helium line was turned off, there
was an interval of time before the tracer present in
the cone was swept out and Nfresh" gas flowed into the
bottom of the bed, which ideally was the "zero time.N
The time elapsed since the valve was turned, as recorded
on the stop watch (called time ), was corrected during
calculation of the results by subtracting the volume of
the tracer in the cone from the total volume of gas that
had flowed into the bed since 0 = 0. This volume was
taken as the volume of the mixing chamber between the
two mesh screens in the cone; the subtraction of this
riuiaizea ,
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volume as a means for obtaining 0 from Q involves
the assumption that the gases in the conical section
are swept into the bed in piston flow. The presence
of the wire screens of 200 mesh in the diverging sec-
tion should provide a reasonable flat velocity profile
in the mixing space, and so, the assumption of piston
flow appears reasonable.
The volumetric flow rate, Q, is reported at the
temperature in the air line feeding the column and at
the average static pressure in the fluid bed.
Two different methods for determining the value of
V6 were employed. In the case of the glass beads, the
absolute density of the beads was determined by water
displacement; knowing the total volume of the bed and
the weight of solids in the bed, it was then possible
to calculate the void volume, independent of any of the
gas sample data.
However, in the case of the microspheres, which are
porous, it was not known whether the volume given by
water displacement was the correct one to use for the
purposes of gas flow; a heat of adsorption was noticed
on wetting of the microspheres. It was not known whether
either the water or tracer gas filled the pores of the
particles. Therefore, it was decided to determine the
void volume by using the following relationship, which
143
is a material balance on the tracer.
00f C d (QQ) = V (13-IV)
For the miorospheres, the values of C/C o were plotted
against values of QQ, and the area under the resulting
curve, representing the void, or gas, volume of the
bed, was obtained by graphical integration using a plani-
meter. This quantity, VW, was then divided into all the
experimental values of QQ to give the desired group,
QQ/V&. Having obtained V6 in such a manner, it should
be possible to determine the value of p from a knowledge
of the bed volume and the weight of solids. Comparison
of the values of p obtained for different runs would
then provide a check on the experimental procedure and
graphical integration. However, since the fraction of
voids in beds of microspheres is generally around 0.8, a
fractional error in determining VE results in a large
fractional error in the calculated absolute density of
the particles. This method did not provide a reasonable
check of the experimental data in the case of the micro-
spheres; the calculated fraction voids gave a better in-
dication of reliability.
The data obtained using the glass beads were checked





dd = 1.0 (14-Iv)
0o
which is a consequence of the truth of equation (13-IV).
The values of QQ/V6 used were obtained directly from
flow rates and the known absolute densities of the non-
porous beads. The area under the experimented curves
was determined using a planimeter and indicated good
reliability for the experimental technique employed, in
spite of the opportunity present for experimental errors.
The areas obtained with the glass beads were generally
within 5% of unity. This result promotes increased con-
fidence in the method of calculation used with the
microspheres, where no good independent check of the ex-
perimental procedure was available.
Perhaps the largest potential source for experimen-
tal error lies in the establishment of an accurate zero
time. It was necessary for one operator to turn off
the helium, while another started the stop watch and then
turned the stopcocks for sampling. Apparently the method
of counting aloud up to the zero time and the reflexes
of the operators were good; no difference in results were
noticed when the positions of the operators were reversed
or in the many cases when different operators were em-
ployed for either task.
About 0.5 seconds were required to draw a gas
r
!4.
sample, and therefore the analyses reported represent
the average composition over that period. Since the
time of sampling was known, the bottles were opened
0.2 seconds before the indicated time of sampling in
order to have this indicated time coincide with the
average time of the sample.
Figure 11 shows radial concentration traverses
made across the column, during the course of the down-
mixing studies, when the helium was injected into the
conical section below the bed, and indicates that the
helium and air were well mixed before entering the
fluid bed.
The rate of sampling was approximately 1.0 ft. 3/min.
The following table shows the ratio of the air rate, Q,
passing any cross section, to the sampling rate (the
air rate into the bed equals the rate of gas flow from
the bed).
TABLE XVI
Relative Rates of Gas Flow and Sampling
For Residence-Time Studies
S = sampling rate = 1.0 ft.a/min.
Gas Velocity, u 3-inch 4-1/2-inch
ft./sec. Column Column
A 0.4 1.2 2.6
B 0.6 1.8 4.0
0 0.8 2.4 5.3




The sampling rate can be seen to be less than
the total gas flow for all velocities. However, the
sampling is definitely not isokinetio, and gas is
drawn from an area larger than the end of the sampling
tube.
Figure 42 shows the results obtained with the
sampling probe located at the top of the bed at dif-
ferent radii in the column. In'all of the other data,
the end of the sampling probe, which points downward,
was located at the top of the bed at the axis of the
column. No significant difference was found when the
radial position of sampling was shifted.
In order to keep the experimental technique as
simple as possible, with the hope that this would reduce
the difficulties of operation, the air rate was left
undisturbed when the helium was turned off. Bince the
helium rate was small compared to the air rate, the
effect on bed operation of stopping the flow of helium
should be small. The top of the bed dropped slightly
immediately after the helium was turned off; this ob-
servation gives reliability to the use of the inlet air
rate as the measure of the exit gas rate. To confirm
the validity of the experimental approach, several runs
were made with varying rates of helium injection (see
Figure 43). If the decrease in the total flow rate had
-tt I ý
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an effect on the residence-time results, changing
the helium rate should have drawn attention to it.
In Figure 43, no effect of stopping the flow of
helium is evident for the flow rates used in these
studies.
2. Analysis of Experimental Technique
The advantage of the technique of sampling used
in the residence-time studies over that used in the
back-mixing investigation is in the elimination of the
sampling error caused by the two "phasesO present in
aggregative fluidization. Since the gases are sampled
after they leave the bed, their analysis should repre-
sent the average composition of the gases with greater
accuracy. This means that the results of the residence-
time studies should be more quantitatively reliable
than those of the down-mixing experiments.
However, the information to be obtained from ex-
ternal sampling is limited by the very nature of the
technique employed. Only knowledge concerning the time
that the gases remain in the apparatus is obtained;
nothing is disclosed concerning the concentration gra-
dients existing in the bed, and only limited information
concerning the mechanism of gas flow through the beds
is acquired. It is possible to compare the experimental
results with those to be expected from a definite type
of gas mixing, but such a comparison can not definitely
establish the true pattern of gas flow.
The concentration of tracer in the exit stream,
C/Co, is employed in the figures presented in the
Results section in order to permit a graphical oheck
on the reliability of any run. However, interest is
centered in observing the flow of fresh gas through
the bed. The fresh gas is known to have entered either
at, or after, some definite time, and thus the con-
centration of fresh gas in the exit stream is of more
utility than that of the tracer. Therefore, it should
be remembered that the concentration of fresh gas in
the exit stream at any time 9, or at QG/V&, is equal to
1-C/C ; this is obtained by subtracting the given or-
dinates from unity.
In addition to the direct observations which can
be made of the experimental data, a mathematical con-
sideration of the experimental technique reveals that
the curves contain additional information of consider-
able value. The experimental curves show that piston-
type flow is not occurring in fluidized beds, but, rather
that the exit gas is composed of gas molecules that have
been in residence in the bed for varying periods of
time; this is evident from the fact that both tracer gas
and fresh gas are found in the exit stream at certain
times. From this, it follows that the individual mole-
I51
cules in any slug of gas that enters a fluidized bed
have various residence times. Knowledge of these
residence times and the variables that affect them is
of importance in the application of fluidization to
chemical operations. The residence-time technique
developed in the course of this study provides a means
for obtaining such information.
In developing the proof underlying the methods
used in interpreting the experimental data, a graph-
ical approach will be used. The same result can be
obtained by employing a probability concept (see VII
APPENDIX B). It was desired to determine how long any
fraction of a unit of entering gas remains in a flui-
dized bed and the rate at which this fraction leaves the
bed. The problem was to obtain this information con-
cerning an element of entering gas from a study of the
concentration-time gradient of a tracer gas in the exit
gas stream.
Figure 4 4 is useful in following the derivation.
(See following page.)
X = 1-C/C o = the concentration of "fresh" gas in
the exit stream, where "fresh gas" is
gas which enters after Q = 0.

QG
X d = number of void volumes, V6, of *fresh" (15-IV)
gas that entered after 9 = 0 and have
left by QQ/VE
= area under curve OACB out to QQ/VE
Curve O'A'C'B' is curve OACB displaced by d(QQ/Vd)
to the right.
QQ
X d - = number of V6 of Ufresh" gas that enter- (16-IV)
0 ed after Q = 0'and have left by QQ/V6
= area under curve O'A'C'B' out to Q@/V6.
Therefore, the area between curves OACB and O'A'C'B'
out to any QQ/V6 represents the amount of "fresh" gas
that entered during the d(QQ/VW) immediately after
QQ/V& = 0 and has left the bed by the QQ/V6 in question.
CC' also represents a d(QQ/VG) of the same size as
the entering slug, and therefore the area CFC'G' repre-
sents the quantity of "fresh" gas which entered in the
d(QQ/Ve) following Qg/VE = 0 and left in the d(QQ/V6)
following QQ/VE = C.
Neglecting differentials of higher order, the
dX
slope at C = slope at C' = X (17-IV)dve)
and the area CDC'E' = area CFC'G' = CC' times C'D
= dX ) .&d d(Qv (18-IV)
= amount of fresh gas that enters
in the first d(QQ/VE) and leaves
in the d(Q@/V6) following QQ/VE= C.
dX . d ) . )
W = the fraction of the gas that (19-IV)
entered in the first d(QQ/V6) that
leaves in the d(QQ/V6) following C.
The desired function, F, is the fraction of an
entering differential quantity that leaves per unit of
gas, as a function of the total gas leaving.
dX (t)
Therefore, F = d (2-IM) (20-IV)
dXdX• = slope at C (21-IV)
d C
= U negative of the slope (22-IV)
d(V#) of the experimental
data curves.
F is a function of QQ/Ve . It should be realized that
F is not a fraction, but can vary in magnitude from zero
to infinity.
fMN F d(QQ/VE) = fraction of entering gas which (23-IV)
leaves between QQ/V6 = M and N.
(N# dX () (N(X) M
M (V)
= (oM (oiN (24-IV)
Therefore C/C at QQ/V6= the fraction of entering
gas that remains for
time Q or longer.
Consideration will show that Equation (23-IV) also
represents the probability that an entering gas mole-
cule will remain in the bed for a time equal to M but
leave before time equal to N. Therefore F can be con-
sidered to be the probability density.
Application of these relationships involves the
assumption that the flow of the gases in fluidized beds
is reproducible, i.e., that each slug of entering gas
will have a fractional residence-time history identical
to that of every other slug of entering gas. The repro-
ducibility of experimental runs which were repeated under
the same operating conditions supports this assumption.
In summary, the probability that a molecule will
remain in a fluidized bed, operated at definite con-
ditions, any definite period of time and then leave can
_ __
15(i
be determined from the slope of the experimental
curves. That period of time is defined as the resi-
dence-time. In addition, the ordinate, 1-C/Co, at any
0 represents the fraction of an entering slug of gas
that has left the bed by a time equal to 0 after the
slug entered the bed. Consequently, the quantity,
(C/Co)) - (/C0o)a represents the fraction of a slug of
gas that leaves, or has left the bed after the slug has
been in the bed for a time at least equal to 01 but
less than O0. For illustration, the probability func-
tion, F, is presented for Runs M2-70-All in Figure 33.
Realizing the significance of the graphical method
employed to present the results of the experimental
work, it is of interest to consider the curves to be ex-
pected if piston flow or perfect mixing were to occur.
The theoretical curves for these two cases are shown in
Figure 45. The piston flow case would result in a
horizontal line at a C/Co ordinate of unity until one
void volume of gas had passed through the bed' then the
ordinate would drop instantly to a value of zero and re-
main equal to zero. The residence-time of a gas mole-
cule for the case of piston flow is the time it takes for
one void volume of gas to flow through the bed, i.e.,
O = VE/Q. The significance of the quantity, 1-C/Co, with





















































































































































































































































































































a given period of time agrees with the concept of
piston flow.
For the case of perfect mixing, data fitting the
equation
C/C0 = exp(-QQ/V&) (26-IV)
would be expected (see VII APPENDIX B); this is the
equation shown in Figure 45. The derivative of (1-C/C o )
at any value of QG/VE~, which represents the probability
density, F, (see Equation 21-IV), is equal to exp(-QQ/VE);
this is identical with the integral curve plotted. This
identity of the data curve and probability curve only
holds for the case of perfect mixing. Any ordinate on
the theoretical C/Co curve for perfect mixing represents
the fraction of entering gas that remains in the bed
longer than Q time. For example, by the time one void
volume of gas has passed through the bed after a given
slug entered the bed, only 0.368 of that given slug will
remain in the bed. This example illustrates the utility
of plotting the curves against QQ/VE as the abscissa. In
the cases of perfect mixing and piston flow the probabi-
lity function for a given residence-time changes with
variation in the flow rate, size of the bed, and type of
particles used, while the probability function for a
given number of void volumes of gas passing through the
bed is constant regardless of operating conditions.
In the following discussion of the curves which
were experimentally determined, comparison will be made
with the results that would be expected if either
piston flow or perfect mixing had taken place under the
same operating conditions. Such a comparison should
not be taken to mean that these were necessarily the
mechanisms of mixing actually existing. If the data
agree exactly with those expected from piston flow, then
piston flow surely must have been occurring in the fluid
bed; no other practical flow pattern would give the
identical results.
However, it is possible that data similar to those
to be expected from perfect mixing can be obtained from
some other mechanism of gas flow through fluidized beds.
One such possible mechanism is analogous to the stripping
action of bubbles flowing up through a liquid bath. The
stream of bubbles rising through fluid beds could con-
ceivably give a perfect mixing curve by stripping the
tracer from the dense phase. Other mechanisms may also
give results similar to perfect mixing.
Before considering the experimental data, it should
be pointed out that the method developed in this thesis
and outlined above can be applied to other types of mix-
ing chambers. It would be especially suited for obtaining
1f1()
the residence-times to be expected in liquid agitators,
because the volume change accompanying chemical re-
actions in liquids is usually negligible; the mathe-
matical interpretation of the data would have greater
application in the mixing of liquids than it does with
gases, where many reactions are accompanied by large
changes in volume.
3. Effect of 0perating Variables: Correlations
Two methods have been employed for comparing the
effects of such operating variables as superficial velo-
city, bed size, and particle characteristics, on the
residence-times.
The first is merely one of visually comparing the
shapes of the resulting residence-time curves when shown
on rectangular coordinates. The mathematical signifi-
cance of the shape of these curves is utilized in making
this visual comparison.
Figure 46 will be used to illustrate a few comments
on the validity of any differences shown between the
data taken under varying operating conditions. The
theoretical curves for piston flow and perfect mixing and
two curves typical of Figures 26 through 41 are shown.
From a material balance, Equation 14-IV, it is evident
that if one set of operating conditions, designated J,
gives results that approach those of piston flow more
closely than the results of another set of operating
conditions, K, then the experimental points of run J
must both lie above those of K in the region marked "A"
on Figure 46 and lie below in the region marked "BO. The
converse applies for perfect mixing. If the experimen-
tal points do not conform to both of these conditions,
then no definite difference in the residence-times has
been established that could not be explained on the basis
of experimental error.
The second method used in examining the experimental
data was prompted by the shape of the experimental curves
shown in Figures 26 through 41. Many of these graphs
resemble exponential curves displaced from the zero
abscissa, suggesting an exponential, or semi-logarith-
mic, presentation of the data. If the data can be
represented by an exponential relationship, the logarithm
of C/C0 plotted as ordinate against the group, QO/V6,
as abscissa, should yield a straight line with slope
represented by -S. The value of QQ/Vý at C/o equal to
unity will be designated by the letter "I." The equa-
tion of such a line is
In C/C = -S(QQ/VE - I) (27-IV)
If the experimental results can be represented by an
expression of this form, then it can be shown from a
material balance that
I - 1 (28-IV)S
(see VII APPENDIX B) and, therefore, the data for any
one set of operating conditions could be characterized
by the value of 8, which is the absolute value of the
slope of the data when plotted on semi-logarithmic co-
ordinates. The value of S increases from unity for per-
fect mixing to infinity for piston flow, while I in-
creases from zero to unity.
In order to test this method of plotting, the data
of Figures 26 through 41 were plotted on semi-logarithmic
coordinate paper. As examples of this method, Figures
163
47, 49, and 51 are presented showing the data for
several different runs. The data can be represented
by straight lines, which are characterized by a slope,
B, and an intercept, I. (See VII APPENDIX D for other
plots.) In Figures 48, 50, and 52 values of C/C0
calculated from the slopes of Figures 47, 49, and 51
are shown; the experimental data are those shown in
Figures 26, 33, and 41. The agreement between calcu-
lated and experimental values is good, indicating that
it is possible to characterize the experimental results
for any run by the value of S.
The experimental results will now be discussed
using the two methods of analysis that have been des-
cribed.
Fixed Bed and Empty Tube
Figure 26 shows the experimental data obtained for
runs made under fixed-bed conditions with No. 7 glass
beads in both the 3-inch and 4-1/2-inch columns; a
run made with the empty 4-1/2-inch tube is also shown.
Within the accuracy of the data, one line is represen-
tative of the three runs. As would be expected, the
shape of the curve closely resembles that anticipated
from piston flow of the gas. The rather good agreement
between the experimental residence-time data for the
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UEffect of Superficial Gas Velocity
Figures 27 through 41 give the results of runs
made under conditions of varying superficial air velo-
dicates that the experimental procedure is valid.
It is of interest to notice that the first
"fresh" gas appears at the top of the bed at a
value of QG/V6 approximately equal to one-half.
For the empty column, this indicates that the ratio
of maximum velocity to superficial velocity, Um/Uo,
is about two. This is the value to be expected if
laminar flow were present. While the Reynolds num-
ber for the flow during the empty tube run is 900,
also indicating laminar flow, it seems doubtful
that a parabolic velocity distribution would have
been fully developed in the short L/D of 7.8. How-
ever, it does appear that the velocity distribution
in empty tubes precludes true piston flow.
The ratio of the maximum velocity to the average
velocity through the interstices of the fixed bed,
u /u , is also two. The possibility of a parabolic
velocity distribution across the fixed bed seems un-
likely, but the evidence presented in Figure 26 sug-
gests the presence of a velocity gradient which causes
the flow in fixed beds to differ slightly from piston
flow.
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city. Each graph presents the runs made for a
given solid and bed size at various gas velocities.
Within the spread of the experimental data, no dis-
similarity can be determined in the residence-time
curves for fluid beds of given solids and bed dimen-
sions under conditions of different gas velocities.
In most rune the scatter in the experimental points
is quite limited. The velocity range covered was
from 0.4 ft./seo. to 1.0 ft./seeo.
In Figure 27, the results obtained with the
two highest gas velocities resemble the theoretical
results of perfect mixing more than do the lower
velocities used. However, in these experiments with
the No. 7 glass beads, which were the largest solids
used, the bed was not fluidized at the lower velo-
cities. Only for the two highest velocities was there
definite evidence of vigorous solid motion: in fact,
slugging conditions were present. For the lower velo-
cities, the bed was fixed or quiescent. The data
collected for the two fluidizing velocities are best
represented by a single line.
The conclusion that superficial gas velocity has
no effect on the residence-time curves, when they are
plotted on a void volume basis, can be checked by an
examination of the semi-logarithmic plots to be found
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in Figures 47, 149, 51, and in VII APPENDIX D. This
method of plotting does not cause any separation of
the data points for various velocities and one value
of S is characteristic of all the runs made with
fixed particle and bed size.
The only case where there seems to be any dif-
ference in the residence-time curves with a change
in gas velocity appears in Figure 31 and the corres-
ponding semi-log plot, which present Runs 13-35L-A, B,
C, D. Here at large values of QG/VE , the points for
Run A, 0.4 ft./sec., are higher than the values for
the other runs. However, the data at low values of
QQ/Ve for Run A do not lie below those of the other
runs. In addition, the area under the curve presented
in Figure 31 is 1.07, compared to the expected value
of 1.00; drawing a line through the data of Run A would
give a still greater area. Therefore, it is felt that
the data for Run A contain a small error of unknown
origin and do not actually indicate a different resi-
dence-time history.
It should be stressed that the comparison that
has been made concerning the residence-time histories
given by varying gas velocities has been made on a
void-volume basis. From the experimental results, the
probability that a molecule, or a certain fraction of
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the entering gas, will remain a given time obvious-
ly decreases as the gas velocity increases. The
residence-time for a given fraction of entering gas
is inversely proportional to the gas velocity. How-
ever, the probability of a given fraction of enter-
ing gas remaining in the bed until a certain number
of void volumes of gas have left the bed is indepen-
dent of the superficial gas velocity. A definite
amount of gas is required to Noweep outO any fraction
of entering gas, regardless of the rate at which the
gas flows through the fluid-bed.
Length-to-Diameter Ratio
Since no effect of gas velocity on the residence-
time curves was observed, the composite plots showing
all the velocities studied for a given condition of
particle or bed size will be utilized in arriving at
conclusions concerning the effect of variation in
particle and bed size.
Figures 53, 54, and 55 are designed to show the
change in the residence-time curves with increasing
L/D. Figures 54 and 55 show the experimental curves
for two solids, M2 and M3, at values of L/D of 7.8,
12.3, and 23.3. The lines shown were traced from the
curves through the experimental points (see Figures
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8 = 0.54 (L/D)1/3 (29-Iv)
Obviously, this equation can
lation to low values of L/D.
times is higher with beds of
not be used for extrapo-
The range of residence-
low L/D than with high L/D.
the differences between the curves are significant,
Figure 53 gives the data of runs made with M2 solids
at an air velocity of 0.4 ft./see. for the three
values of L/D employed.
Table XVII presents the values of 5 and I for
the runs shown in Figures 54 and 55. In addition,
values of (S-1)/S are given to show the good agree-
ment between the value of I obtained from the experi-
mental intercept and calculated from the slope of the
line (see Equation (26-V).
Both visual comparison of the differences between
the experimental curves, and the increasing values of
S in Table XVII indicate a tendency toward the piston
flow results as the L/D increases. The same trend
holds as the bed height is increased or the diameter
decreased. Figure 56 shows S as a function of L/D on
logarithmic coordinates. Within the accuracy of the
slopes, a single line characterized the data of both
sizes of microspheres used in this experiment. The


































































































































































































































For a given bed height gas velocity and solid, the
minimum residence-time is least and the maximum
residence-time is greatest for the fluid beds with
low values of L/D.
Only two sets of data on glass beads are avail-
able for comparison on an L/D basis. These are
13-37-All and 13-35L-All. As shown in Table XVII,
the integral area of the data for these two sets of
values both vary by 7% from the expected area; one
area is high and the other low. Correction of this
discrepancy would increase the slope of 13-35L-All
and decrease the slope of 13-37-All. The result
would be that the values of S would lie above those
for the microspheres, but might conceivably have the
same power function of L/D. Since the experimental
data of the No. 13 beads have the slight discrepancy
mentioned, nothing quantitative can be said concern-
ing the variation in the value of S with increasing
L/D for glass beads.
Particle Size
Figures 57, 58, 59, and 60 have been prepared to
show the effect of particle size on the residence-time
curves. Figure 57 shows the data for the runs made
with all sizes of glass beads in the 3-inch column with
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Iof 0.4 ft./sec. (7, 9, 11, 13,-37-A). In spite
of the experimental scatter of the points, there
appears to be a slight trend toward the piston flow
results as the particle size increases.
The curves presented in Figures 58, 59, and 60
are tracings of the curves through the data points
for the runs listed. Figure 58, which gives the
composite curves of all the velocities for the four
sizes of glass beads, indicates a slight trend toward
the piston flow case as the particle diameter is in-
creased. The line shown for the No. 7 glass beads
does not agree and in addition any trend is well within
the scatter of the data (see Figures 27, 28, 29, and 30).
The curves for the runs made with the five size
fractions of microspheres are traced on Figure 59.
Sizes D and F contain a much higher percentage of fines
than do the other three sizes; even though the weight
mean diameter of size D is about the same as M2, D
has about 22% smaller than 75 microns while M2 has only
about 6%. Thus, if the experimental scatter is ignored,
it appears that solids having a larger mean diameter
or a smaller amount of fines give results that tend
toward the piston flow case. Table XVIII gives the
values of S and I obtained from the semi-logarithmic
plots of the composite curves. In most cases, a slight
186
TABLE XVIII
Effect of Particle Size on Values of S and I
Run Mean
Dp 8 ID I
micron
D-37-All 104 1.20 0.15
F-37-All 70 1.22 0.16
M2-37-AII 107 1.25 0.17
M3-37-All 150 1.32 0.22
M4-37-All 216 1.44 0.33
M2-70-All 107 1.54 0.37
M3-70-All 150 1.47 0.36
M2-35L-All 107 1.04 0.01
M3-35L-All 150 1.05 0.03
13-37-All 102 1.77 0.38
11-37-All 155 1.95 0.48
9-37-All 262 3.7 0.77
7-37-All 452 2.4 0.56
15-35L-All 70 1.20 0.22
13-35L-All 102 1.15 0.28 Area = 1.07
trend can be seen toward piston flow results with
increasing D .
This discussion has ignored the experimental
scatter, which if considered for any one example
would not permit the conclusion that increasing par-
ticle size may cause a slight decrease in the range
of residence-times. However, when the best curves
through the individual data runs practically all show
this slight tendency, there is a likelihood that
such a trend does exist. Obviously, this tentative
conclusion can not be rigorously defended, but is
only suggested until more accurate information becomes
available. Any trend toward the piston flow type of
results that stems from increasing particle size or
decreasing amounts of fines is certainly small for
the sizes studied, compared with the general shape of
the residence-time curves.
Type of Solids
Figures 61, 62, and 63 compare the results ob-
tained with microspheres and glass beads of approxi-
mately the same size. The glass beads were closely
sized in comparison to the microspheres, and gave re-
sults which were more like the piston flow results.
Whether this was due to the absence of fines in the
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cannot be determined. If much of the tracer filled
the pores of the microspheres, more gas would be
required to strip this tracer than is necessary mere-
ly to sweep away the tracer filling the interstices
between particles.
Bubble Velocities
The point where fresh gas first appears at the
top of the bed is an indication of the maximum gas
velocity through the bed. In Table XIX may be found
the maximum velocities for all the residence-time
runs made in the course of this work. These values
are calculated from the value of QQ/V6 at the point
where the value of C/Co first drops from unity. In
most cases, this point is fixed by graphical inter-
polation of the data and, therefore, is not exact.
Because fresh gas appears in the exit stream at values
of Q@/VG that are quite low, an error of small magni-
tude in determining these values will cause large
variations in the value of the maximum velocity, umr
It is believed that these maximum velocities are
an indication of the maximum velocity of the bubbles
formed after the fresh gas entered the bed. Most of
the experimental curves appear to fall away slowly
from the C/C ordinate of unity at first; this may
indicate that there are variations in the speed of the
TABLE XIX
Maximum Gas Velocities from Residence-Time Data
V u 0 for umax uM uMRun Q.V 0  .ft.3 /min. ft. 6 ft./see, mini- ft. /sec. u u
mum time
7-37-A 1.12 0.059 0.39 0.38 0.5 1.95 5.1 2
7-37-C 2.24 0.069 0.46 0.77 0.5 3.3 4.3 2
7-37-D 2.76 0.079 0.52 0.94 0.5 3.6 3.8 2
7-37-E 3.36 0.084 0.56 i.14 0.2 10.2 8.9 5
7-37-F 3.86 0.091 0.60 1.32 0.2 11 8.3 5
9-37-A 1.10 0.074 0.49 0.37 0.2 3.8 10.2 5
9-37-B 1.66 0.086 0.57 0.57 0.2 5.0 8.8 5
9-37-C 2.27 0.099 0.655 0.78 0.2 6.0 7.6 5
11-37-A 1.14 0.089 0.59 0.39 0.25 2.6 6.8 4
11-37-B 1.72 0.100 0.66 0.58 0.25 3.5 6.1 4
11-37-0 2.29 0.107 0.71 0.78 0.25 4.4 5.6 4
13-37-A 1.14 0.091 0.60 0.39 0.28 2.3 6.0 3.6
13-37-B 1.74 0.101 0.67 0.59 0.28 3.1 5.3 3.6
13-37-C 2.32 0.107 0.71 0.79 0.28 4.0 5.0 3.6
13-37-D 2.94 0.111 0.74 1.00 0.28 4.8 4.8 3.6
13-35L-A 2.56 0.180 0.56 0.39 0.15 4.6 11.9 6.7
13-35L-B 4.03 0.191 0.594 0.61 0.15 6.9 11 6.7
13-35L-0 5.21 0.206 0.64 0.78 0.15 8.1 10 6.7
13-35L-D 6.66 0.217 0.67 1.0 0.15 10 10 6.7
15-35L-A 2.91 0.182 0.565 0.44 0.18 4.3 9.8 5.6
15-35L-B 4.02 0.190 0.58 0.61 0.18 5.8 9.6 5.6
15-35L-D 6.66 0.203 0.63 1.0 0.18 8.8 8.8 5.6
0-35L-A 2.68 0.322 1.00 0.40 0.5 0.8 2 2
7-35L-A 2.53 0.130 0.40 0.38 0.5 1.9 5 2
M2-70-A 1.13 0.231 0.81 0.38 0.18 2.6 6.9 5.6











































































































































































































































individual bubbles, i.e., a few bubbles formed
after the helium was shut off may reach the top be-
fore the main stream of such bubbles.
With the microspheres, the ratio of maximum
velocity to superficial velocity, Um/Uo, and the
ratio of maximum velocity to the average gas velocity
through the solids, Um/U , decreases with increasing
particle size, while the opposite trend is noticed
with the calculated ratios for the glass beads. This
apparent contradiction is probably an indication of
the errors which are introduced on estimation of the
minimum QG/VE.
For the fluidized beds, the values of um/u
ranged from about 5 to 15 and those of u m/u from about
4 to 12. While the values of these ratios cannot be
depended upon for quantitative accuracy, the fact that
they are all considerably greater than unity does in-
dicate that there are velocity gradients of large
magnitude in fluidized beds.
It is possible to arrive at approximate values
for the upward velocities of the solids in fluidized
beds from the work of Carlsmith and Freund (1). This
work was conducted at much lower gas velocities (0.024
to 0.079 ft./sec.) than employed in this study. The
ratio of maximum solid velocity in the core to the
superficial gas velocity ranged from about 1.5 to
6.0. The fact that these values are lower than
those found for the maximum velocity of the gas can
be attributed to the slip of the solid through the
gas stream and perhaps somewhat to the lower super-
ficial velocities employed.
C. Mechanism of Gas Mixin
Perhaps the most interesting observation to be
made from the residence-time curves is their general
similarity with the perfect mixing curve. With the
exception of the fixed bed runs and the fluidized beds
of No. 7 and 9 glass beads, (the two largest sizes),
the experimental residence-time curves bear a close re-
semblance with that expected if perfect mixing were to
occur. This is especially true with the smaller sizes
of microspheres.
However, inspection of the back-mixing data in
Tables III through IX and the graphs showing concentra-
tion profiles definitely eliminates serious considera-
tion of a completely random type of mixing and any ap-
proach to perfect mixing. Perfect mixing implies that
there are no concentration gradients, either radial or
vertical, in the bed. The large vertical and radial con-
centration gradients found in the back-mixing studies
show that perfect mixing is not present, or even approach-
ed, in fluidized beds. This leads to the conclusion that
some other type of gas flow produced both the results of
the back-mixing and residence-time studies.
The experimental data of both the back-mixing and
residence-time studies also rule out the possibility of
197
piston flow. The horizontal gradients in gas composi-
tion, the back-mixing, as well as the variation in
residence-times all are contrary to the nature of
piston flow.
The visual action of the bed and the experimental
data indicate the importance of the bubbles which flow
through fluidized beds. It is suggested that the mix-
ing of gases in fluidized beds is in large measure due
to the presence of these bubbles.
Visual evidence of fluid-bed action showed that the
bubbles tended to rise in the center, or core, of the
small beds studied. During the down-mixing studies the
concentration of tracer gas was found to be lower in the
core than in the surrounding annulus. Experimental
findings indicate that there is downflow of gas at the
walls of the confining tube due to the downflow of
solids in this region; this means that the gas introduced
at the bottom of the bed must of necessity flow up the
core of the bed.
In the beds of fluidized solids studied in this
work, there was no appreciable circulation of the solid
in the bed at the quiescent state; it was only when
bubbles began to flow through the bed that the vigorous
solid agitation which generally characterizes fluidized
beds took place. Studies on the mixing of solids (2,3)
9S8
have shown that the circulation pattern in the solid
is the same as has been suggested for the gas flow,
i.e., up the middle and down along the walls of the
vessel. These studies have also shown that the rate
of circulation, or solid turnover, is increased as the
velocity is increased. Bauer (2) suggests that an in-
crease in the velocity causes a higher fraction of the
total gas to flow through the bed in the form of bubbles.
As the gas flow rate is increased, the bubbles increase
in size until finally slugging conditions are reached.
The sampling for tracer gas in regions of dense
and lean solid density showed that large differences in
composition can exist between the gas in the bubbles and
the gas in the surrounding dense phase.
These various experimental observations suggest a
stripping role for the bubbles in fluidized beds. The
following discussion is a description of the proposed
stripping action the bubbles may play in gas mixing; this
picture of gas flow gives a satisfactory explanation of
the experimental findings.
Fresh gas entering the bed tends to flow up the core
in the form of bubbles. There is a certain amount of
gas interchange between the bubbles and the dense phase;
some of the fresh gas flows into the dense phase, while
_A
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some of the gas that was in the dense phase flows
into the bubble and so rises in the column. In the
case of the residence-time studies, this gas from the
dense phase is at first wholly tracer gas so that the
concentration in the bubbles can reach a high value
by the time the bubble leaves the bed. The concentra-
tion of tracer in the dense phase decreases as the
bubbles flow by, and hence the concentration of tracer
in the bubbles decreases as they reach the top of the
bed. Since it takes a definite time for a bubble to
flow from the bottom to the top of the bed, the concen-
tration of tracer in the gas leaving the bed remains
constant until the first bubble originally formed of
fresh gas does reach the top. In addition to the gas
rising in the bubbles, there is also some gas flow up
through the dense phase.
In the down-mixing experiments, the gas composition
reached steady state in the regions near the wall and
core because of the circulation pattern of the solid.
This downflow of solid along the wall continually brought
more tracer to the lower part of the column. As this
solid flowed down along the wall, the gas that it con-
tained was gradually stripped and replaced by gas flow-
ing from the rising bubbles.
The fact that the time required for all of the
tracer to be stripped from the column is less with
the glass beads than with the microspheres is taken
to mean that the transfer of gas between bubbles and
dense phase is more rapid with glass beads than with
microspheres and that the bubbles flow slower through
the beads. This conclusion is confirmed by the con-
centration traverses made during the down-mixing studies;
the difference in concentration between the core and
annulus was much less with the glass beads than with
the microspheres.
Morse (21) uses the relationships developed by
Carman (4) and Kozeny (14) for packed beds to predict
that the interstitial flow through the dense phase will
decrease as the particle size and density decrease and the
bed height decreases. The indication of lower gas trans-
fer from bubble to dense phase in the microspheres than
in the glass beads is readily explained on the basis of
the lower density of the microspheres and the presence of
fines tending to fill the interstitial spaces; both of
these factors would tend to decrease the gas flow through
the solid.
Predictions for gas flow in fluid-beds, which are
based on fixed bed correlations, are a considerable
simplification of the actual gas flow. In fluid-beds,
l W
the solid itself moves, so that in addition to the flow
of gas through the interstitial spaces, the transport
of the gas by solid mixing must also be considered.
In addition, the difference in the fluidization
behavior is probably pertinent in comparing the micro-
spheres with the glass beads. The glass beads were
slugging in most of the runs made, while the miorospheres
were not. In slugging, the gas can do a much more com-
plete job of stripping tracer gas from the solid, since
the solid is forced up the column in the form of pistons
bridging from across the column; when these slugs break
there is opportunity for very good mixing between the
gas that was in the dense phase and that in the lean
phase. After mixing thus, the gas moves on up the column
in a slug again. Thus, a slugging bed may be very much
like one mixing chamber on top of another where the gas
flows in piston fashion for a short distance up the column
and then is thoroughly mixed with surrounding gas, only
to flow on further before again being well mixed with the
surrounding gas.
The variation in residcnce-times found in fluidized
beds can also be explained entirely on the basis of radial
velocity gradients involving no gas mixing. However,
such a picture does not allow for the downflow of gas







ences in gas composition found in regions of dense
and lean phase. While it is believed that there is
a large radial velocity gradient in fluidized beds,
with high upward gas velocities in the central region
of the bed and lower downward gas velocities near the
wall, the action of the rising bubbles can not be over-
looked.
In an attempt to predict the residence-time curves
mathematically, several different sets of assumptions
concerning the nature of the gas flow and the stripping
action were made and the appropriate differential equa-
tions solved. However, none of this work gave the de-
sired results. The physical system involved appears to
be quite complicated and hence does not lend itself
readily to a mathematical analysis.
D. Application of Results
1. Effect on Chemical Reaction
Back-mixing or variation in the residence-times
of the gases undergoing chemical reaction in fluidized
beds will have several effects. The products will tend
to mix with the reactants, thus decreasing the overall
rate of reaction; in addition, longer residence-times
will increase the likelihood of secondary reactions.
Such secondary reactions will decrease the conversion
to the desired product and may cause fouling of the
catalyst, as well as causing poor product quality.
The reduction of reaction rate due to mixing of
the gases depends on the reaction mechanism and on the
relative rates of reaction and mixing. Thus, for a zero-
order reaction, mixing would have no effect, but would
be detrimental for reactions of higher order in that it
dilutes the reactants with the products.
The concept of an eddy-type mixing, which was develop-
ed to correlate the back-mixing results, can be mathe-
matically combined with the appropriate reaction rate ex-
pression to show the effect that back-mixing would have
in decreasing the overall conversion. The case for first
order gas reactions occurring without change in volume
has been integrated and comparison made between the cases
i of reaction with and without mixing. (See VII APPENDIX
However, this approach to the question of gas
mixing and chemical reaction suffers for two reasons.
One is the lack of accurate data from which the neces-
sary values of the eddy diffusion coefficients, E, may
be predicted; this is caused by the error which is
inherent to internal sampling. But perhaps fully as
important as this lack of quantitative information is
the unrealistic assumptions that must be made in the
application of such eddy diffusion coefficients. The
gas velocity and composition are assumed to be uniform
at any cross section as well as the value of E. Implicit
in the use of the back-mixing correlation is the assump-
tion that the spread in the residence-times for the gas
molecules in any entering slug of gas will be less than
is actually the case. As an illustration, when E is
zero, use of the eddy diffusion picture with a flat
velocity profile gives the residence-time curve that is
associated with piston flow. If it is recognized that
the bubbles of gas rising through the bed actually travel
at a velocity over five times the superficial velocity,
then a fairly wide variation in the residence-times is
realized. The eddy diffusion picture does not even pre-
dict the residence-time curves correctly for parabolic
---. MM
flow, which would be expected for laminar flow in an
empty tube. The foregoing argument has been simpli-
fied by assuming the case where E is zero, but the
same reasoning concerning the effect of velocity pro-
file on residence-times applies where E is not zero.
Therefore, the eddy-diffusion approach would be
expected to give a faulty picture of the effect of gas
mixing on chemical reactions carried out in fluid-beds.
Direct quantitative application of the residence-
time technique to the problem is limited to the case of
first order chemical reaction, for which the conversion
is only dependent on the time of contact. The rates of
higher order reactions depend on the concentration of
reactants. This point may be illustrated by an exami-
nation of the differential rate expressions for the cases
of first and second order reactions:
first order, dn = kn (30-IV)
second order, - = kn (31-IV)
where,
n = mole of reactant present at time Q
k = appropriate first or second order rate
constant
v = total volume associated with n mole of gas.
Equation (30-IV) shows that only the quantity of reactants
affects the rate for first order reactions, while with
second order reactions a concentration term, n/v, is
present in the rate-determining expression.
For any reaction, the quantity, 1-C/Co, represents
the fraction of the reactants that have been converted
in time 0. The term, F d(QO/Ve), represents the frac-
tion of the entering stream of gas that remains in a
fluidized bed for time equal to 9 and leaves before
@+dQ. Multiplication of these two terms results in an
expression for the fraction of the gas leaving a flui-
dized bed that has reacted:
1 - Cf/Co = (1-0/0 ) F d(QQ/Ve) (32-IV)
0
where
Cf = concentration of reactants leaving reactor
Co0 = concentration of reactants entering reactor.
Equation (32-IV) is general for reactions of all orders,
and the problem is that of evaluating the term 1-C/C .
The fraction of reactants converted by a first order
reaction occurring without change in volume is (see VII
APPENDIX B):
o00
I - cf/Co = 1-exp(-k0)i F d(QQ/Ve) (33-IV)
0
The value of F is obtained by taking the slope of the
experimental residence-time curve at various values of
Q@/Ve , (see equation 22-IV), and the fraction converted
.......
l-C f/O0 = 1 -




where S = the slope of the residence-time data when plot-
ted on semi-logarithmic coordinates.
The value obtained for the fraction converted for
any set of operating conditions in the fluid-bed and any
assumed value for k can be compared with the fraction con-
verted calculated assuming perfect mixing or piston flow.
The equations used for these two cases are as follows
(see VII APPENDIX B):
Perfect Mixing:
Piston Flow:
1 Cf/Co = i - 61 k
11+ --1+• Q
Ve k1 Of/Co = 1 - exp .- -T-1
(35-IV)
(36-IV)
Attention is called to the presence of the group, Vek/Q,
in the last three equations. For small values of k,
(34-IV)i i i | I
is then obtained from equation (33-IV) by graphical
integration.
If the experimental gas mixing data can be repre-
sented by the empirical method of equation (27-IV),
the fraction converted can be obtained from (see VII
APPENDIX B):
*equations (35-IV) and (36-IV) reduce to the same form;
the effect of mixing decreases as conversion decreases.
The effect of different residence-time distribu-
tions on the fraction converted in a first order reaction
can be seen in Figure 6)4. The ratio of the fraction con-
verted for various values of S, characterizing the resi-
dence-time curves, to the fraction converted under con-
ditions of piston flow (C is the exit concentration of
reactants under conditions of piston flow) is plotted as
a function of the group kVE/Q. k is the reaction rate
constant for a first order gas reaction occurring without
change inrvolume. The effect of mixing can be seen to
decrease as the value of S increases, and, in addition,
the effect of mixing on the fraction converted is seen
to decrease under conditions of both high and low con-
version.
Table XX compares the fraction converted for the
experimental mixing conditions with those of perfect mix-
ing and piston flow. A specific reaction rate, k, of
0.2 sec. - I and flow conditions found with Microspheres, 2,
were employed. For Runs M2-70-A and C, comparison is
made between the graphical method and the slope method of
calculating the fraction converted. The agreement is
quite good, especially when the possible errors in draw-
ing slopes, smoothing of the curves, and graphical inte-
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gration are considered. As predicted from the residence-
time data itself, the experimental conditions approach
those of perfect mixing, especially at low values of L/D.
In fact, with an L/D of 7.8, no significant difference
exists between the experimental fraction converted for
the cases of experimental flow and perfect mixing.
Since the residence-time studies did not give defi-
nite information concerning the nature of the gas flow
through fluidized beds, it is necessary to make an assump-
tion concerning the concentration gradients in a re-
actor before the experimental results can be applied to
reactions of higher than first order. It was desired to
obtain the limits on the fraction of reactants converted
in a second order reaction carried out in a fluidized bed
under the conditions of the experimentally determined
residence-time distributions. None of the experimental
distributions were found to differ more from piston flow
than does perfect mixing. The lower limit would be that
of complete mixing of the gases in the reactor in which
the composition throughout the bed would be uniform. The
upper limit should be fixed by assuming that the gas
passes through the bed in slugs between which there is no
mixing; however, the molecules of gas in these slugs are
assumed to have varying times of residence in the bed
conforming to the experimental mixing results. Any mixing
of the gases in the bed will give a conversion lower
than that predicted by this latter assumption.
Figure 65 shows the effect of varying residence-
time distributions on the fraction converted in a
second order gas reaction under the assumed conditions
of no mixing between slugs of gas. The reaction is
assumed to cause no change in the volume of the gas
stream. The ratio of the fraction converted with vari-
ation in the residence-times of the molecules in any
slug of gas to the fraction converted by piston flow is
shown as a function of the group kVeC o/Q. The lines are
based on the following equations (see VII APPENDIX B 7):
for experimental residence-time distributions,





where values of the integral are tabulated in Jahnke and
Emde (11);
for piston flow,l-Cf/Co =1 - 1











and for perfect mixing,
-1 + .V o
1-Ce/Co = 1 ---. (39-IV)
2kV~C00
As the range of residence-times decreases, (i.e.,
as the value of 8 increases), the fraction converted
approaches that expected from piston flow. The effect
of residence-time distribution is seen to decrease at
both high and low conversions. It is interesting to
note that for the case of perfect-mixing residence-times,
S = 1, but no mixing, the conversion is higher than for
perfect mixing, showing that both mixing and residence-
time affect conversion.
The actual gas flow through fluid-beds that ap-
proximates perfect mixing results is far from the defined
perfect mixing. There are probably definite concentra-
tion gradients existing in the fluid-beds undergoing
chemical reaction, and products once formed in the dense
phase tend to remain there due to the slow transfer of
gas between dense and lean phases. This causes the con-
centration of products to build up in the dense phase
where most of the catalyzed or gas-solid reaction would
take place, and thus the overall conversion is decreased.
In the use of fluid-beds as a laboratory tool for
studies of reaction kinetics, it is important that the
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mechanism of gas flow be accurately known if the re-
sults of the studies are to be reliable. Because an
increase in gas velocity reduces the overall conver-
sion, the possible magnitude of the effect of mixing
on conversion is reduced. Hence it seems advisable to
conduct the laboratory studies of chemical reaction
rates in fluid-beds at reasonably high velocities, and
thus to reduce the effect of undetermined gas mixing
and by-passing. In addition, since beds of high L/D
give a lower range in the residence-times, it is ad-
visable to use beds of high L/D in the laboratory.
Both of these recommendations will tend to promote
slugging conditions, which may interfere with the de-
sired degree of temperature control. The primary ad-
vantage of the fluid-bed is one of temperature control
and uniformity; however, gas mixing acts somewhat to
offset this advantage when the fluidized technique is
employed in the laboratory. The use of the fluidized
bed for laboratory studies of reaction kinetics must be
considered as a compromise between the effects of tem-
perature variation and gas mixing.
Since the bubbles flowing through fluid-beds play
an important part in the gas mixing, it is recommended
that studies be made concerning the factors affecting
bubble formation and growth in beds of fluidized solids.
Such information should be of value in scaling up
laboratory or pilot-plant information during the de-
sign of industrial reactors. At present, the infor-
mation presented in this study of gas mixing cannot be
reliably extrapolated to the size of industrial re-
actors, which are of much larger diameter and have
smaller ratios of length to diameter. The walls of
such large reactors probably do not have as large an
effect on the solid circulation as do those of the
columns used in this thesis, where in many cases the
diameter of the column was only slightly larger than
the diameter of the bubbles, if at all larger.
However, it is expected that a significant in-
crease in the L/D of the fluid-beds used in industry
would decrease the range of residence-times. Such a
reduction in the range of residence-times should per-
mit closer quality control of the product and decrease
undesirable secondary reactions. It is therefore sug-
gested that the introduction of baffles into large re-
actors be considered where there is evidence of un-
desirable gas mixing. The possible effect of such
baffles on temperature control and the possible need
for a new gas distributing arrangement should be realiz-
ed. Baffles would permit the use of a single reactor
(as opposed to a battery of parallel reactors of small
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diameter) and thus retain its operating advantages.
The use of fluidized beds for reactors of indus-
trial size does not suffer from gas mixing and varia-
tion in residence-times in the same manner that the
laboratory use does. Industrial reactors are built for
production, and the availability of uniform temper-
ature control and ease of handling of large quantities
of solids present advantages in the use of fluidized
beds that offset the disadvantages of gas mixing.
The findings of this thesis also have bearing on
studies of mass transfer rates made in fluidized beds.
It should be realized that the gas surrounding the par-
ticles in the dense phase probably has a much lower
driving force for mass transfer than is indicated by an
average gas sample. In the studies carried out to date
(13, 29), the assumption of piston flow has been made in
correlating the results; average driving forces have
been used. However, in both investigations, the average
composition of the exit stream was either very close to,
or equal to, the equilibrium concentration for the trans-
fer material. The work of this thesis indicates that the
concentration in the dense phase tends to be higher than
in the lean phase; therefore it appears likely that equi-
librium conditions were approached in the dense phase in
both studies mentioned, and that the mass transfer co-
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efficients calculated using average gas compositions
are low. In studying mass transfer in fluidized beds,
consideration must be given to possible radial varia-
tions in the driving force.
2. Examination of Chemical Reaction Rate Studies
It is interesting to examine the results of studies
on the reduction of carbon dioxide with carbon carried
out by McBride (19) and Goring (8) who employed fluidized
beds and by Wu (39) who used a single layer of particles
evenly distributed on a metal screen. These studies per-
mit comparison of chemical reaction rates obtained in
fixed and fluidized beds.
McBride and Goring fluidized coke in stainless
steel tubes having dimensions of 1.78 inches I.D. by
7 feet high and 1.38 inches I.D. by 8 feet high, respec-
tively. The units were externally heated. Various mix-
tures of 002, 00, and Na were metered before being intro-
duced into the bottom of the column. Analyses were made
of the exit gas and of the coke used to obtain the rate
of conversion.
Wu supported a single layer of coke particles on a
wire screen. Mixtures of 002 and 00 were caused to flow
up through the screen and, since there was negligible
conversion of the gas, the partial pressure of 002 at all
points in the bed was equal to the inlet pressure. The
rate of reaction was followed by the loss in the weight
of the coke particles over a known time.
The effect of 00 in retarding the rate of reaction
was studied by varying the concentration of 00 in the
inlet stream of 00s. All three workers reported that
CO had a strong retarding effect on the conversion of
002 to CO. While coke from the same shipment was used
in all the experiments, Wu found the retarding effect
to be much greater than that observed by McBride.
The three investigators utilized a Langmuir-type
equation to correlate the reaction rate data obtained:
dno00  K= o
n C0' K.P 00  ? (40-IV)dW 1 + KPCo+KaPoa
where
no00 = flow rate of 002 passing any point in bed
W = weight of carbon in the bed
P = partial pressure of indicated gas
Because the fluid-beds caused an appreciable conversion,
it was necessary for McBride and Goring to integrate
Equation (40-IV). In order to do this, they assumed con-
ditions of piston flow in the gas, i.e., that there was
no vertical mixing of the gases and that radial mixing
was instantaneous and complete. Since the conversion
was negligible with Wu' s thin fixed bed, it was not
necessary for him to integrate the equation or make any
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assumptions concerning the gas flow.
In runs in which only pure 00 was fed to the
reacting coke, the values of the specific reaction
rates calculated from the work of Wu are of the order
of five times those of McBride and Goring. In addi-
tion, this difference between the reaction rates ob-
tained in the thin fixed bed and the fluidized beds
increased as the temperature of reaction was increased.
These findings can be explained by the effect of
gas mixing in fluidized beds. The gases leaving the
top of a fluid bed are composed of gas that is emerg-
ing from both the dense and lean phases. The gas sam-
ples taken from the exit stream by McBride and Goring
represent the average composition of all the gas leav-
ing the bed. However, the work of this thesis has
shown that the transfer of gas from dense to lean
phases may, under certain operating conditions, be
quite slow and large concentration differences between
the gas in the two phases, once created, can exist. In
the work of McBride and Goring, the 003 entering the
bottom of the column probably flowed upwards in bubbles
or slugs (due to the small column diameter, it seems
likely that slugging occurred in these fluid-beds). Some
of this gas diffused into the dense phase and reacted
with the carbon to form 00CO. This CO was not immediately
swept out of the solid, but due to the slow transfer
of gas to and from the bubbles, the concentration of
00 in the dense phase rose to a high value and because
of its retarding effect decreased the rate of reaction.
There would also be some reaction of CO with the
carbon surrounding the bubbles, but the rates are re-
ported on the basis of the total amount of carbon in
the bed, and most of the solid was probably surround-
ed by a high concentration of the retarding 00C.
The use of the piston flow assumptions in the
integration of the Langmuir equation did not consider
these concentration gradients. The partial pressure
of COg in the exit stream was assumed to represent a
uniform partial pressure at the top of the bed. Use
of this exit gas analysis meant that the partial pres-
sure of 00C2, which determines the 'driving force' in
the reaction, was thought to be higher than it actually
was in the dense phase, where most of the reaction would
be expected to occur. Because of the low actual partial
pressure of o00 in the gas surrounding the bulk of the
coke, the specific reaction rates calculated for a
given average pressure of C00o were less for the fluid-
bed than for the thin fixed bed.
Since he did not appreciate how high the concentra-
tion of 00 was in the dense phase, McBride obtained an
erroneous impression of the retarding effect of CO.
He did not realize that the rate measured in fluid-
beds for the pure 002 (at inlet) runs was already re-
tarded by the high partial pressure of 0O in the gas
surrounding the coke. This explains the higher re-
tardation effect reported by Wu.
The effect of the range of residence-times of the
CO would be increased as the temperature level increased.
All three studies showed that the rate of reaction was
increased by a rise in temperature. The generation of
CO in the dense phase would be more rapid at high tem-
perature, and, hence, if the rate of gas transfer from
the dense phase were the same, the effect of mixing,
in decreasing the rate of reaction, would be larger at
high temperature than at low.
The constants of Equation (40-IV) obtained by
McBride and Wu differed considerably over the range of
temperature investigated, and this would ordinarily be
taken as an indication of a different mechanism of re-
action. Since the same type of coke was used to study
the identical reaction, a different reaction mechanism
is highly unlikely.
This analysis serves to confirm the conclusions
of the preceding section that the action of gas flow
and mixing in fluid-beds may give an erroneous picture
L
of both the mechanism and the true rate of a chemical
reaction. Therefore, use of the fluidized technique
to study chemical reactions must be accompanied by a
realization that the character of the fluid-bed itself
may have a significant influence on the results obtain-
ed. It is necessary to appreciate that a compromise
is being made in order to obtain the temperature control
inherent to the fluid-bed. The scale-up of laboratory
data obtained in fluid-beds must take cognizance of the
uncertainties present in the laboratory data and in the
use of the large reactor due to the mixing of the gases.
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V CONCLUSIONS
Within the range of variables covered in the experi-
mental work, it is possible to arrive at the following
conclusions:
1. There is definite back-mixing of the gases in
beds of fluidized solids. This mixing of gases in a
direction opposite to the direction of net flow is caused
by the presence of finely divided solids.
2. A circulation pattern is present in fluidized
beds. The gases tend to flow rapidly upward in the
middle of the beds and slowly downward along the walls.
There is radial exchange of gas between these two regions.
3. The transfer of gas through the interstitial
spaces between solid particles in the bed tends to be
slow. Under certain operating conditions, large differ-
ences in composition, if created, can exist between the
gas at the wall and at the core of the bed. In addition,
large differences in composition can exist between the
gas in the bubbles, or "lean phase," and the surrounding
Ifense A hase, r whe e the solid density is high. oth"dense -)hase -.. t-
Vertical and horizontal gracdients in gas composition
can exist in fluidlzed-beds.
4. The passage of bubbles through the bed and the
extent of interstitial gas flow affect the mixing and
residence-time of the gases. The bubbles travel up
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bed at velocities considerably higher than
uperficial velocity or the average velocity
void space. The flow of gas through the void
parently reduced by a decrease in the average
e of the introduction of solid fines. It is
t this reduction in gas flow is due to the
the size of the interstitial pores.
is possible to determine the residence-time
he gas entering a fluidized bed by the method
I this investigation. The general method should
of value in studying mixing problems in other
nature of the gas flow through fluidized-
the residence-time history of the gas to
~t exece fmro erfec~t mnixing. owever it
is believed that the results obtained are due to a strip-
ping action of the bubbles passing th•roungh the bed. The
concentration differences existing in the beds prove that
perfect mixing was not obtained.
7. The residence-time for a given fraction of enter-
inig gas was found to be inversely proportionial to the gas
flow rate. A fixed amount of gas was required to sweep
a certain fraction of entering gas out of the bed, re-
gardless of the gas velocity.
8. An increase in the length-to-diameter ratio,
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L/D, caused a decrease in the by-passing of gas flowing
through the beds. The range in residence-times is re-
duced toward the results expected from piston flow.
9. There was a slight trend toward a reduction in
the range of residence-times as the average diameter of
the particles or the amount of fines was decreased, prob-
ably due to increased flow of gas between "dense" and
"lean phases."
10. The results of studies made in fluidized beds
concerning chemical reaction kinetics can be significantly
affected by the character of the gas mixing in the bed.
If the reaction takes place at the solid surface, the
concentration of the oroducts of reaction will tend to
become high in the dense phase; in general this will de-
crease the overall rate of reaction. The use of fluid-
beds as a laboratory tool to study reaction mechanisms
should be considered as a compromise between the control
of temperature and gas mixing.
1i1. The variation in gas velocity occurring across
a fluidized bed precludes true piston flow.
1. as smles t9en from w1thin flui-iz-ed beds
are apt to give a faulty impression of the ~vera~e gas
composition at the point of withdrawal.
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VI RECOMMENDATIONS
1. When the fluidized technique is used as a labora-
tory tool for studying chemical reactions, the possible
introduction of errors due to gas mixing should be recog-
nized. It is recommended that beds of high L/D and rela-
tively high gas velocities be-used in order to reduce
by-passing and conversion.
2. Where the effects of gas-mixing promote undesir-
able secondary reactions in industrial reactors, it is
recommended that consideration be given to the introduction
of baffles in the beds.
3. It is recommended that the experimental method
developed during the residence-time studies be applied
to other mixing problems.
4. A study on the nature of the bubbles in fluidized
beds is recommended. This study should attempt to deter-
mine the factors affecting bubble formation, size and
growth, and include a study of interstitial gas flow.
VII APPENDIX
VII. APPENDIX
A. Details of Apparatus and Procedure
1. Helium Injection in Back-Mixing Studies
The single-point injection system consisted of a
piece of five-millimeter glass tubing. This tubing
was bent at right angles so that generally the end of
the tube pointed upwards along the axis of the tube.
During most of the data runs, the open end of the tube
was 40-1/2 inches from the metal screen at the bottom
of the column. Provision was made so that the end of
the tube could also be placed six and twelve inches
below this point, i.e., at 34-1/2 and 28-1/2 inches
above the screen.
Figure Al shows the details of the multi-point
injection system used on the three-inch column. The
injection tubes were made of stainless steel having an
inside diameter of 0.065 inches and an outside diameter
of 0.075 inches; the tubes were 1-7/8 inches long. The
tubes entered the column through leather gaskets, which
permitted the position of the tubes to be altered while
maintaining a gas-tight seal. Four of the tubes inject-
ed at a radius of 1/2 inch and eight at a radius of one
inch. An annular manifold made of sheet Lucite surround-
ed the column at the injection level. Helium was fed to
the manifold through a quarter-inch tubing fitting; the
gas was thus distributed among the twelve tubes. In

order to prevent the passage of solid particles from
the column through the tubes into the helium manifold,
an equal length of copper wire was inserted in each
tube. The area available for gas flow was thus reduced
and therefore the gas velocity increased. For the same
reason, provision was made for the injection of air
into the manifold should it become necessary to stop the
flow of helium. The injection tubes were accessible for
adjustment or cleaning through holes in the periphery
of the manifold; these holes were closed by rubber
stoppers.
Injection manifolds were installed on the 4-1/2 inch
column at heights of 10 and 24 inches above the support-
ing screen. The construction of these manifolds was
similar to that on the 3-inch column, but the tubes used
were 2-3/4 inches long and had an inside diameter of
0.075 inches and an outside diameter of 0.10 inches.
2. Size Analysis of Solids
The sizes of the glass beads were determined by
Trilling (a), who measured about fifty of each size of
bead on microphotograph; the sizes reported are the
arithmetic average of the beads measured. The diameters
found in this manner were checked by measuring a few
beads with a micrometer.
The size distribution of microspheres M2, M3, and
M4 were determined by measuring about 100 particles
using a microscope fitted with a Filar micrometer
eyepiece. A small sample of microspheres was placed
on a glass slide. This slide was moved across the
field of the microscope by a moveable stage until
about 100 particles had been counted. The particles
were only measured in one direction, thus assuming that
they would be arranged in a random manner on the slide.
In order to calculate the size analysis on a weight
basis, the particles were assumed to be spherical and
to have a constant density.
3. Gas Analysis
a). Gas Density Balance
Figures 1, 5, and 6 show the Edwards-type gas
density balance and its accessory equipment. (In Figure
6 the balance, manometers, and pressure adjustment
equipment are shown on the panel board in the background.)
This apparatus depends on the difference in the density,
or molecular weight, of gases in order to effect an
<analysis of two-component systems.
The balance itself is shown in Figure 5. A
horizontal beam, D, was suspended in gas-tight metal
cylinder, F. At one end of the beam was a hollow copper
float, A, and at the other end a small mirror, B, was
mounted vertically and faced away from the float. At
both ends of the cylindrical shell, F, were removable
metal caps, G, in the center of which were glass windows.
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By lining up the cross hair which was located on
the mirror with a similar cross hair located on one
window, it was possible to balance the beam reproduci-
bly. The beam and float could be balanced by gas of
one and only one density; thus, by varying the pressure
of the surrounding gas, it was possible to balance the
beam in gases of different average molecular weights.
The pressure required to balance the arm was determined
with a gas of known composition, such as air. Then, it
was possible to determine the concentration of helium
in an unknown mixture of helium and air if the pressure
and temperature required to balance the beam in the
mixture were determined. The perfect gas laws were as-
sumed in calculating the composition of the unknown
sample.
On the right side of Figure 1, a schematic dia-
gram of the balance system is shown. The procedure used
with this apparatus consisted of evacuating the entire
sampling and analytical train until a pressure of appro-
ximately one millimeter or less was obtained. The valve
to the vacuum pump was then closed, and the valve in
the sample line from the column was opened, permitting
a sample of gas to flow into the system. The gases passed
through a drying tube of calcium chloride. During the
period when the system was under a vacuum, the valves in
the leveling bottle arrangement, N, Q, and P, and in the
inclined manometer, R, (valve not shown) were kept
closed. The absolute manometer, S, gave an indica-
tion of the pressure in the apparatus at all times.
When the pressure reached atmospheric, the sample line
was closed, and the valves on the inclined manometer
and in the pressure adjustment system were opened. By
using the leveling bottle and the rubber bellows for
finer adjustment, the volume, and thus the pressure, of
the gas in the apparatus was adjusted until the beam
balanced. Mercury was used as the confining fluid. The
pressure was read from the inelined manometer, and the
temperature from a thermometer, T, inserted in one of
the gas inlets to the balance shell, M, in Figure 1.
A great deal of difficulty was experienced in obtain-
ing satisfactory performance of the balance. The prin-
cipal trouble lay in the very delicate method used to
suspend the beam. As shown in Figure 3, four brass
ribbons, C, supported an aluminum platform, E, which
in turn supported the beam. The ribbons were cut from
0.001-inch brass shim-stock to a width of 0.012 inches.
Slippage of the ribbons, either in the slits in the
aluminum platform, or between the clamps, K, used to
hold the upper ends of the ribbons in place, changed the
balance point considerably. Stretching of the ribbons
had the same effect. As a result, it was found that
any movement of the balance, as a whole, or shocks or
vibrations transmitted to the balance, caused a
change in the balance point; this necessitated re-
calibration of the balance. To reduce movements and
vibrations, the balance was placed on a platform which
was mounted on one end of a piece of two-inch pipe;
the other end of the pipe was securely fastened to the
floor. Even then, vibrations induced by passing trucks
and trains were sufficient to cause a change in the
balance point.
The mere shock produced when the pressure was
changed rapidly, which caused the beam to swing and
hit at both top and bottom, was sufficient to cause a
change in the balance point. Therefore, considerable
care had to be taken in evacuating the system and draw-
ing a sample.
Another serious difficulty arose through the re-
quired sensitivity of the balance. The beam had to be
sensitive enough so that the smallest measurable change
in pressure caused a noticeable change in the balance
position of the beam. This condition was attained by
adjusting several nuts on the center post, until the
center of gravity of the beam was such that the period
of motion of the beam was five seconds or longer. This
was an extremely fine adjustment and consumed consider-
able time. In the process of adjusting the balance or
period of motion, the brass ribbons supporting the beam
were broken several times.
Due to the delicate nature of the instrument,
the balance was generally calibrated with air after
every three helium-air samples, in order to determine
any change in the balance point.
b). Electric Analyzer
The second method of gas analysis used in this
thesis utilizes the differences in the thermal conduc-
tivity of helium and air. The thermal conductivity of
helium is about six times that of air (224).
A photograph of the apparatus is shown in Figure
6 and a schematic diagram in Figure A2. In Figure A2,
two thermal conductivity cells, A and B, manufactured
by Leeds and Northrup (Model No. 3284-F) were mounted
in series in a Wheatstone Bridge circuit. The con-
ductivity cells each consisted of a fine platinum
filament enclosed in a glass jacket to which gases
could be admitted; they were mounted in a constant tem-
perature bath having a temperature of 37 + 0.100. The
other two resistances, C, were wire wound on ceramic
cores. The resistances of the cells and the two resis-
tors were all about ten ohms. A one-ohm resistor, D,
and the slide-wire, E, were employed to balance the cir-
cuit when dry air was admitted to both conductivity cells.
All resistors used in the apparatus were greatly over-
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effects. An emf of 5.00 volts was impressed across
the bridge. The source of current was two six-volt
storage batteries, K, connected in series and floated
on the 110 volt D.C. line through a resistance bank,
L. This arrangement gave a relatively constant volt-
age. Two slide wire resistors and a fixed resistor,
J, regulated the voltage input to the bridge. The im-
pressed voltage was measured by means of a Rubicon
potentiometer, F, which measured the voltage drop
across a 1:100 Ayrton shunt, H. The same potentiometer
was used to read the unbalance of the bridge during
analysis; a double-pole-double-throw switch, G, was
used.
To operate the analyzer, the zero point was first
checked by evacuating both cells, and then allowing air
from the column to pass over drying tubes filled with
Drierite (calcium sulfate) and into the cells. The im-
pressed voltage was set at 5.00 volts and the potential
between points "c" and "d" was then measured. During
the course of the thesis, this bridge remained stable so
that the potential between "c" and Od" never amounted to
more than 0.2 millilvolts when air was in both cells.
Once the zero point had been checked, cell B was
sealed and cell A was evacuated; a vacuum gage indicated
the pressure in the system. After evacuation of the cell
and the line leading to the gas sample bottles, the line
L
0 V).,I
between the vacuum pump and the cell was closed and
a sample of gas displaced from a sample bottle into
the cell by means of a mercury-filled leveling bottle
attached to the bottom of the sample bottle. The
pressure was adjusted to atmospheric by means of the
leveling bottle, and the impressed voltage adjusted
to 5.00 volts. Then the unbalance in the bridge between
"c" and "d", due to the presence of the helium in cell
A, was noted.
During analysis, cell A contains gas having a high-
er conductivity than the gas in cell B (pure air), and
therefore the platinum wire in A will lose heat faster
than the wire in B. Since the same current is flowing
through both wires, this means that A will become
cooler relative to B. The resistance of A will then
drop relative to B, and hence a condition of unbalance
in the bridge will be produced.
The bridge was calibrated by analyzing mixtures of
helium and air of known composition. These samples were
prepared by using the three gas bottles shown on the left
side of the analysis table in Figure 6. The small
bottle on the right was filled, under atmospheric pres-
sure, with helium, which was then transferred to the
middle bottle. The small bottle was then filled with air,
under atmospheric pressure, to the same mercury level
as with the helium. The air was forced into the middle
bottle, and then the resulting helium and air mixture
was mixed by passing it back and forth between the
middle bottle and the other large bottle on the left.
After mixing, one-half of this gas was put into the
small bottle and the other half analyzed. The remain-
ing half was then diluted with an identical volume of
air, mixed, half saved and the other half analyzed. By
repeated addition of air and division into two parts,
it was possible to cover a wide range of concentrations
in the calibration. This method of subdivision pro-
duced samples of 50%, 25%, 12.5%, 6.25%, etc. helium
concentration. A similar subdivision resulting in
samples having helium concentrations of 33.3%, 16.67%,
8.33%, 4.17%, etc. was also employed.
The electric method for helium analysis provided
rapid and trouble-free operation and was far superior
to the gas density balance in use.
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B. Derivations
1. Sampling Error in Down-Mixing Studies due to
Bubbles
Let: Y = fraction of bed occupied by "lean" phase (bubbles)
1-Y = fraction of bed occupied by "dense" phase
Z = fraction of total gas flowing ups ebubbles
1-Z = fraction of total gas flowing through dense phase
QA+H = total gas rate, ft.s/min.
QA = helium feed rate, ft.3 /min.
Then: Y Q = rate of helium injection into lean phase
(1-Y)QH = rate of helium injection into dense phase
ZQA+H = total gas rate through lean phase
(1-Z)QA+H = total gas rate through dense phase
_YQ_ = helium concentration in lean phaseZQA+H
(1..Y)Q,(Y)QH = helium concentration in dense phase
(A-Z)QA+ H
Assume fraction of normal sample drawn from lean phase = Y
Assume fraction of normal sample drawn from dense phase = (1-Y)
Y (YQ'H (1-Y) (16-Y) QHComposition of normal sample = C = + (1-Z)QA+H
ra (1Y ZQA+H) +
0O= QH YaQA+H LZ l-
_0 * therefore, C for normal = -Y2 + 1-
sA+H C ample IZ




u = gas velocity, ft./sec.
x = distance below plane of
injection
0 = concentration at x
E = down-mixing coefficient
n = ft. a gas transferred/ft .a
0 = time, sec.
6 = fraction voids
A = cross section area of bed
Li = distance plane of injection
to bottom of bed
Assume down-mixing is analogous to eddy mixing,
-dn E dC
dQ do
Assume steady state, and constant E
Assume C, u, and 6constant at any x,
Material Balance on differential section:
Input; uA6 (C + do) + EA + dx
Output; uA6 (C) + EA& dx
Accumulation = 0
uA6dC + EA& d- dx =0 (2)
dx2
rearranging,
d 2C + u dC 0  (3)
a LX E dxdx2
solving,
C = K, + Ka exp (- x) (4)
Boundary Conditions A
x= o, C = 0, K, = o (5)
x = 0 , C = 0Co, Ka = 0 o (6)
0
.. = exp (- z ) (7)
In C- u x (8)
C0d Ino
dx = - = elope of In - vs. x (8a)
dx 0
Boundary Conditions B
x =Li , 0= 0 (9)
x= o0 , 0 = o (10)
Applying (10),
0o = K + Ka (11)
Applying (9),
0 = Kz + Ka exp (- ) (12)
S.0 o = Ka - exp (-u i
0 0
K = (13)
uLi1 - exp(- .EA)
C
K = 1- o(14)
0 uLi
1 - exp (- -)
0.. °  o  exp (, x)
0 ~ + 00u)0 = o uLi  uLi1-exp(- T ) 1-exp (- Y-)
r
uL 1 1
C *exp(- .--)-exp(- u-(
Co i  (15)1-exp (- -U--)
0In - = In0o (16)
U(1 -o 1 - exp _ 1 ( - U)exp( A
dx -F _ _ __
d )E
o - (17)
dx 1-exp - U( Li-x)
at x = O, C/C0 = 1.0
0E
U
and the slope of In o vs. x = uL at =0 (17a)
- l-exp(- -T )
For sufficiently large values of , if L is large com-
pared to x, (17) reduces to (8a) and if L is large (17a)
reduces to (8a).
Thus, for samples taken at low values of x (com-C
pared to L), a plot of In ~ vs. x may yield a straight
o
line with slope = - .
Inspection of (17), which is derived from the correct
boundary condition, C = 0 at x = L, shows that as x
I,4
increases the slope should increase. Thus, if the
data are to agree with the assumptions made, a plot
C
of ln vs. I should be concave downward.
0
If the data give a curved line, concave downward,
the value of can be determined using (17a) and the
C
0slope at the point where 4- = 1.0.Since u has been assumed constant, then6u = u o ,
where uo is the superficial velocity. In the applica-
tion of these equations u0 replaced u.
L
FA(QG/V&) = the probability that a gas molecule
that has been in the bed for time = 0
will have left the bed between 9 and
- A . -
(18)
Figure A3 is presented as an aid to the visualization of
this development and shows that F is a function QQ/VG.
The shape of the curve is imaginary at this time, since
the purpose of this discussion is to develop a method for
determining the function P.
OEM-
815
3. Probability Derivation of Significance of Residence-
Time Data
In addition to the graphical approach used in the
Discussion of Results, a probability concept can be
applied in developing the significance of the residence-
time data. In thissection two proofs using a probability
approach will be presented. The first is simplified and
the second rigorous.
a) Simplified Derivation
Consider a bed of solids which is being fluidized
by a succession of slugs of gas molecules. The proba-
bility function is defined as follows:
Sr
As the problem of gas flow in fluidized beds deals
with large numbers of molecules, it follows from the
definition (18) that:
FA(QQfve) = the fraction of a slug of gas having
volume, AQ£/Ve, that has been in the
bed for time = 0 that will have left
the bed between 0 and 0 + AQ, i.e.,
that will have left in the slug,
AQQ/V6, that leaves between 9 and Q+AQ.
(19)
Therefore,
FA(QQ/VE) = the concentration of gas that has been
in the bed for time = Q, in the slug
AQQ/VE. that leaves between 0 and 0+A0.
(20)
This assumes the flow rates of gas in and out of the bed
are equal.
Summing,QQ/Vf-
SFA(QiQ/V6) = the concentration of gas, that entered (21)
0 the bed between 9 = 0 and 0 = Q, in the
gas leaving between B and 9 + AQ.
Allowing the size of the increments to go to zero,
QQ/w
Fd(QQ/VE) = the concentration of gas, that entered (22)
0 the bed between 0 = 0 and 0 = G, in the0 exit stream at time Q.
= X (by definition).
Differentiating with respect to QG/VE,
(23)
F and X are functions of QQ/V£.
In the residence-time studies conducted in this thesis,
= the concentration of gas that entered
the bed between 0 = 0 and 0 = 0 in the
exit stream at 0.
where 0, in the experiment, represents the time since fresh
gas first entered the bed.
1 - 0/0 o
S a C (x)
F= d(QQ/V:)'
Thus, d(C/C)
F = - ol (20)F d(QQ/V-) 4
Therefore, F can be determined as a function of QQ/V ,
by taking the slope of the experimental curves at the
desired values of QQ/Ve. To repeat, F represents the
probability that a gas molecule that has been in the bed
for time equal to G will leave the bed in the interval
between 0 and 0 + dO.
Referring to equation (19) it is evident that:
QQ/VW
Fd(QQ/VE) = fraction of a differential slug, (25)
d(QQ/VE), that entered at 0 = 0,
O that will have left the bed by 0 = 0.
and, therefore,
1 - C/Co = the fraction of a differential slug, (26)
that entered the bed at 9 = 0, that
will have left the bed by 9 = 0.
It follows that:
[QQIV6 ),
S Fd2(QG/V) =X - X = (C/ o)1-(C/0o)2 (27)
QO/Ve) 1
= fraction of a slug of gas that
enters at time 9 = 0 that leaves the
bed between Q1 and 2a.
and
C/C at QQ/V£= the fraction of entering gas that (28)
0 remains for time = 9 or longer.
b) Rigorous Derivation
Consider a bed of fluidized solids supported by a
stream of gas.
F(Q0/V6)d(Q9/V6) is the probability that a gas mole- (29)
oule will leave the bed after it
has been in the bed at least 9 time
but before it has been in the bed
for 9 + dG.
tZ48
F is a probability function and is a function of QQ/V6;
it will therefore be written as F(QQ/VC).
A slug of gas of volume, d(Qt/VC), enters at time t.
It follows that the fraction of this slug which will
leave in the interval between t+Q and t+Q+dQ is
F (QQ) d (30)(W6) (VW)







The amount of the slug which has left up to time, y7, is
then:
VE V6 (QI) (Qy) (Qt) (32)( (V6 (£/QQ
V--= 0V6
The total amount of all the gas which entered between
times t = T and t = 7, which has left by time, 7, is then
VCV- V7 V
(QV) (QQ) (Qt)IQ) T 9V•V) ( F ) (33)
X is defined as the concentration in the exit stream of
gas which has entered between T and 7. The total amount
of this gas that has left by time, 7, is then
GUY
X z ) (34)
QTVc-
2•49
Thus (33) and (34) form an identity.
Differentiating both sides of the identity with respect
to (Qy/V6), using Pierce (M2) No. 855 and 857:
) VC - 6 VCg1= 460
Qt X V w
__t QVTVC
(35)
Let u= 7-t ; t = -u
du = -dt
0




Differentiating with respect to (Q^/VE)
dX(_ Q(y-T)
d- - C 7 ,.....-... 6j v
In the residence-time studies, T represents zero time,





In the presentation of the experimental results in








4. Semi-Logarithmic Plotting of Residence-Time Data















Substituting (3) into ()
(1.0) d + ef
V=C IVVs)
p - I ) = 1.0
Integrating
I + exp (SI) exp (8 W = 1.0
I
I + exp (SI) exp  -(
(44)
(45)= 1.0




For piston flow I = 1, and S = aD








5. Application of Back-Mixing Results to First
Order Chemical Reaction
Let x = distance from bottom of bed
C = concentration of reactants at x
uo = superficial gas velocity
A = cross section area of bed
E = eddy diffusivity
k = reaction rate constant
Neglect presence of solids and assume concentration
and velocity constant at any cross section and that E is
uniform throughout the bed. Assume a first order gas
reaction occurring without change in volume. Assume steady
state.
Material Balance on a Differential Section of Bed:
dC
Input = uoAC -EA
0 dx
Output= uoA(C-dC)-EA- - d
Accumulation = - kAC dx
Equating: Input - Output = Accumulation
d20 uo  d)d -2 C Uo0k = 0 (49)2 -E E
u -- + 4kE'
2E
C = A exp 1 + 1 + - j + B exp (1[ + Ix (50o)
0 0
let 1 + =- Y (51)
uo
C = B exp (1-Y)z (52)
at x = L, 0 = Cf0 where f = exit concentration of
reactants
B = Cf exp L (1-Y (53)
Overall Material Balance:
L
uoA(CO-Cf) k A 0 dx (54)
ooL 0Sk C dx (55)
-f = 0
0
L- k_ C exp - (1-Y) exp L (l-Y)x (56)
0Integrating and rearranging,
Integrating and rearranging,
C00=FUoLACkC f l-exp -E- L-
0-f =u 2 L 2 E (57)
2E LV
This equation (57) can be compared to the equation that
would be obtained for the same assumptions in the absence
of mixing and this is the usual first order equation.
O = C0 exp(-kG) = Co exp - (58)
where 0C = concentration of reactants leaving reactor
for conditions of no gas mixing.
Equation (57) can be rewritten as
Cf = C exp (-k'L) (59)f 0u(-/ U )
where k' is the apparent reaction rate constant.
The ratio of the apparent reaction rate constant
to the chemical reaction rate constant is given in
Figure AS. The important criterion of the effect of
mixing is the dimensionless group containing the product
of the reaction rate constant and the mixing constant
divided by the linear velocity squared. There is little
effect on the reaction rate constant at low values of
the dimensionless group, as this indicates either low
mixing or a low reaction rate constant. In the first
case, the effect of mixing would be expected to be low.
In the second case, the effect is small because the low
reaction rate constant implies that a long path of
travel through the fluid bed would be necessary to make
a significant difference in concentration, and thus even
though mixing occurs it is not particularly serious,
owing to the small concentration gradient.
Theeffect of such mixing on the reaction rate can
also be shown as the effect on the fraction converted and
the fraction unconverted. Figure A6 gives the ratio of
the fraction converted with mixing to that without mixing
and Figure A7 gives the corresponding ratio for the
fraction unconverted. The most serious effect of mixing
occurs when there is a significant concentration gradient --
i.e., when the conversion is high -- and the effect be-
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B. Derivations (Cont'd)
6. Application of Residence-Time Results to
First Order Chemical Reaction
(a) Direct Derivation of Expression for Exit Com-
position for Piston Flow
Consider a differential slug of gas passing up
through a fluidized bed; there is no mixing with other
slugs. No change in volume.
n = mols of reactants in a differential slug
d(V6) at time Q
subscript o refers to entering conditions and
f to exit
The first order expression is
-d~n -dn_
-dn =kn or -n kdQ (60)dG n
QdG = d(V6) (61)
nf VE








(b) Direct Derivation of Expression for Exit com-




Output = nf + kn
n - n = f kn (65)
n nfVc
C= - ; ='"; n = (66)
kVe
no - nf = -f n(67)
nf Of 1
o o - (68)
(c) Derivation of Residenoe-Time Expression for
Perfect Mixing -- No Cheamical Reaction
Tracer Balance Around Reactor:
Input = 0
Output = Q0
Accumulation = VC dCdG
Cf
d' = Q (69)
00 oCo 0o
Integrating
= exp (- (70)
0
(d) Derivation of Expression for Exit Composition
for Perfect Mixing Using Probability Approach
Probability of a molecule remaining in
bed longer than Q=F = exp(-& ) (71)
See section VII B.3. and equation (70).
LMbb
AG()
Probability of a molecule remaining Q time
but leaving before 0 + dO = Fd (Q) =
ex -C 0 (72)
assuming Q and Ve are constants
From first order expression
~-dn
-d = kn (60)
d
= exp(-kQ) = probability that a molecule
0 will not react in time 0.
Bee equation (64).
The probability of a molecule reacting
by time G = 1-exp(-kQ) (74)
Combining the probability of a molecule re-
maining in the bed 0 time and leaving in
Q + dOQ and the probability of a molecule re-
acting by time 9 should give the probability
that a molecule in the exit stream will have
reacted, i.e., the fraction of reacted mole-
cules in the exit stream.
OD
1 - = -exp(-') exp(-kQ) dQ (75)
0 o 0
Cf 1(76)
0 Ql/W+ k = 1+ V yko /~k1+ -
Q
This is the same as equation (68) derived direct-
ly for perfect mixing and therefore the method
of multiplying probability times first order
expression is verified.
(e) Derivation of Expression for Exit Composition
Using E xperimental Residence-Time Curves
In order to predict the effect of experimental
residence-time curves on chemical reaction,
(77)
where -F is the slope of the residence-time curves
obtained from gas mixing experiments.
The group i - exp(-kQ) F is plotted against VQ
(Since F is obtained from slopes as a function
of QQ/VE ), and the value of 1 -
graphical integration.
fobtained by6-obtained by
If the residence-time curves are represented by
= exp -S
0 L
from = I to
C








0, from 0 to I
to aDand F = a exp -(8( - I, from I
Therefore equation (77) becomes

















choose a reaction rate constant, k, and use
the following equation
Cf 1 (Q10)









Equation (84) reduces to (64) for piston flow
(S = ~,) and to (68) for perfect mixing (S = 1).
B. Derivations (Cont'd)
7. Application Of Residence-Time Results to
Second Order Chemical Reaction
(a) Direct Derivation of Expression for Exit
Consider a slug of gas flowing up through bed;
there is no mixing with other slugs and no change in
volume.
Let n = mols of reactants in the differential slug at
time Q
subscripts o and f refer to entering and exit
conditions
v = volume of differential slug, i.e., the volume
associated with the no mole.
The governing second order expression is
dn kn
- •- = kn
d9 =

























(b) Direct Derivation of Expression for Exit
Composition for Perfect Mixing
Overall Balance on Reactants
no = mols reactants entering per unit time
nf = mols reactants leaving per unit time
n = mols reactants in reactor at time G




Output = nf + kn n
Accumulation = 0
no - n = kn
S nf
Cf -= T and




















Only the positive root has physical signifi- (96)
cance
S 0 kV 1nf Cf 
- (97)o o
Q_
(c) Derivation of Expression for Exit Composition
Using Eperimental Residence-Time Curves
In order to apply the residence-time results to
second order reactions, it is necessary to know how the
gas composition varies throughout the reactor. This is
due to the n/v term in Equation (85).
The residence-time studies do not give information
concerning the concentration gradients that may exist
in fluid-beds, and therefore it is necessary to make an
assumption concerning the nature of the gas flow through
the beds. Therefore, it is assumed, for this derivation,
that the entering gas flows through the bed in slugs
which do not mix with other slugs. However, the gas mole-
cules in these slugs have times of residence in the re-
actor conforming with the experimentally determined
residence-time distributions.
This assumption should lead to an expression for
the fraction converted that will be an upper limit on
conversion for gas flow following the experimental resi-
dence-time distributions. Any mixing between successive
slugs of entering gas would decrease the rate of reaction
and hence the conversion for a given set of operating
conditions.
The actual mechanism involved in this assumption is
not stated, nor is it believed that there is no mixing
between slugs. One mechanism that would give the ex-
perimental residence-time curves with no mixing is that
of radial velocity gradient alone.
Since there is no mixing between slugs, the gas
in any slug will follow the second order expression,
Equation (89), and since
V6
- = 9 = time of contact (98)0 f




= fraction converted by time 0
F ( (100)
= fraction of entering slug of gas that is
converted; refer to section VII B.6.(d).
F= 0, frm - = 0 to I
F = s exp -8 L - I), from = I to Co





U - = -kC exp[ 8-k-C + 1)0o o
S +1SVork C0 +10'












1 ) d (00)
(101)
Jahnke and Emde (11) tabul
exponential integral,
CD
- Ei(-x) = - dt
Therefore the value of 1-C
the fraction converted in a sec
the assumed conditions, can be
conditions from (105) and (107)
For residence-times correu
mixing conditions, S = l, and(
C f
Ve kO o exp(1
o 0
ate values for the
oo> X *7 0 (107)
f/0Co, which represents
ond order reaction under
calculated for various flow
.







This can be obtained directly using Equation (70).
For residence-times corresponding to piston flow
conditions, S=oo, and if the limit of (105) is taken as
S-W-oo , Equation (89) is obtained showing that (105) fits
both limits on S.
C. Sample Calculations
1. Back-Mixlng Studies
Gas Density Balance (Errors are Maximum Errors)
Number 11 Glass Beads - 3-inch column
Gas Sample - Position R = 0,
= Barometer, in.Hg.
RM = Mixture Reading on 5:1
Manometer, in.Hg.
R = Air Reading on 5:1
Manometer, in.Hg.
Zero Reading on 5:1
Manometer, in.Hg.
TM = Gas mixture temperature,
OK
TA = Air temperature, oK
MA = Avcrage molecular weight
of Air














PM = Mixture pressure, in.Hg. ;








t = 29.81 +0.01






MM = 24.67 + 0.46%
0 = Concentration of Helium
(0)(4) + (1-x)(28.97) = N
Ms 24.67 + 0.46%0 = 1.160- .9 1.160 - '97
o=0.172 +0.05 (+3%)
Air Rate
R = Air differential manometer, in H20 = 15.00 + 0.10
PST = Static pressure manometer, in.Hg. = 12.70 + 0.10
T = Air temperature, OR
Q ~= Calibration reading
= 535 + 1
= 15.o + 0.30
P = Static pressure, in.Hg. P T= 12.70 +0.10
t 29.81 0.01
P = 42.51 + 0.11
T= 3.55 2%
15.o +2
QA 3.55 &0.2% = 4.23 ± 0.09 (+ 2%) ft. 3/min.
air at 700F. and 29.92 in.Hg.
Helium Rate
R = Helium differential manometer, in
H20
PST = Helium static pressure manometer,
in.Hg.
T = Helium temperature, OR
Q = Calibration reading
= 3.45 +o.lo
= 12.00 + 0.20
=533 + 1
= 3.29 +0.1
P = Static pressure, in.Hg.; PST = 12.00 + 0.20
S= 29.81 +0.01
P = 41.81 +'0.11
I
-=- 7.14 + 0.36%
3.29 +_33.2 =+ 0.461 + 0.016 (+ 3.4%) ft.3/min.7.14 +o0.4,%
helium at 700F. and 29.92 in.Hg.
QA+H = 4.69 +0.11 (+2.3%) ft.a/min.
CO = Calculated Exit Concentration: 0.461 + 3 .4%
4..69 + 2.3T
= 0.099 + 0.006 (6%)
C 0.172 + 3 1.74 + 0.1 (9%)




Zero Sample = 62.4 + 0.1 millivolts
1 sec. " = 60.5 +0.1 "
C0 = 62.4 +0.1 mv = (17.0 + 0.05) % helium
C = 60.5 + 0.1 my = (16.4 +0.05) % helium
C (16.4)+ 0.3%
- = (]7'o _ .3 = o. 965 _+o. oo6
o (17.0)+ 0.30
(b) Air and helium rates for 3-inch column calculated
in a manner similar to that of VII C 1.
(c) Air Rate from Rotameter - 4-1/2-inch Column
The rotameter calibration was expressed as
cubic feet per minute at 29.92 inches of mercury
and 70 0 F. To obtain the gas rate from the ex-
perimental conditions the following correction
was applied.
SCFM(29.92"Hg and 700F)=Calib.CFM + +4 + S
29.92 tA+ 4 6
Calib. CFM = calibration reading for a given
rotameter reading
S= atmospheric pressure, in. Hg.
PST = static pressure at rotameter, in. Hg.
tA = temperature at rotameter, OF.
Run 7-35L-A
Rotameter reading = 5.0 +0.05
Calibration flow rate, ft.3/in. = 2.45 + 0.02
T = 29.95 + 0.01 in.Hg.
P = 4.90 + 0.05 in.Hg.
tA = 82.5 +0.5 OF.
QA = 2.45
QA = 2.61
±1 (3ý4..s 4,.0o.%)(5' 0
+ V129.92) 1542.5 ± 6,3,)
+ 0.03 (+ 1%) ft.3/min. at 700F. and29.92 in. Hg.
(d) Corrected Gas Rate
Run 7-37-A
QA = ft.3/min. air at 700F.
A
TA = air temperature, OR
S= barometric pressure,
in. Hg.
P = static pressure at
bottom of bed, in.
Merriam Fluid, sp.
gr. = 2.95
P = average pressure in I
ave bed, in. Hg. =
(14. 15 .)(2.95)
ave(2) (1.)Pave =
and 29.92 in. Hg. =
= 1.17 +2%






F = (539 + 1)9 (2992)(530) (31.55 ± 0.2) = .96 .2%
F-
2'71
S= F QA = ft.'a/min. air at TA and. Pave =
1.12 + 0.02 (+ 2%)
u = superficial velocity, ft./seo. -('/4 (D')(60)
0.38 + o0.008 (+ 2%)
(e) Void Volume - Glass Beads
Charge weight = 15 lb. 15 oz. +1/2 oz.
= 15.94 + 0.03 lb.
Ps = absolute density of glass beads, lb./ft.a =
= 173 + 1%
V = volume of bed, ft a = D'L = 2)
= 0.151
V4 = void volume of bed, ft.' =
15.94 +0,2%
= 0.151 - .9 o.2% =173 + I
VE = 0.059 +0o.oo00 (+ 2%)
S = fraction voids = 0.059 + 2% 0.39 +1.151 =
V = volume of mixing space in cone, ft.3 = 0.0019
0 = time since helium turned off, sec.
0 = 1 +0.2 sec.
* (1 + 20%)(1.12 + 2%) = 0.0187 ±oo (±22%)
-- (60) = 0.0187 = 0.0041 (_22%)
QQ = QQ*- V = (0.0187 +0.oo0041) - 0.0019 =
= 0.0168 , 0.0041 ft.
Qo _0.o168 + 24
=0 0.01659 +24% = 0.29 + 0.08 ( 26%)
0.059 2
= 4 + 0.2 seo.
o* =(4' + 5%)(1.122_+ 2%)(4 +5%)(1.160 - = 0.0746 + 0.0052 (?%)ft.'
Q = 0.0746 + 0.0052 - 0.0019 = 0.0727 + 0.0052
Q = 0.0727 + 7%g= 0.059 + 2-- = 1.2.4 + 0.11 (9%)V Z-  .  ±
#,,. (t*
(f) for Microspheres from Plots of o s. QA
& (Q ) =s (. )s.c. = (v)s.c. + V0 (1)
where Q = ft.3 air/min., at 70?0F. and 29.92 in.Hg.
V0 = volume of distributing cone
V = volume of bed, ft.3
VE = void volume of bed, ft.3 = volume of gas
in bed
"= time since helium valve turned off.
00
C*f00 d (Q Q*) = (v) TP = (V6) T
.n 0o 3where Qp = ft. air/min, at temp. and
bed.




*T.P. Q .c. (3)
where T = temperature of gas, OR.
I = barometric pressure, in. Hg.
P S.T.= static pressure at base of bed, in. Hg.
(V6)T.p. +
CID
V = d-& (F Q C. )
00
0o
=. d(Q 0) (4)
0 0
= F (ve)s.c. + VC0
(v6)T•P = F(ve)s.C. + VC0 (F)
Since FI1 and VC small compared to (Ve)
could drop V0 (F-1) term and get
(Ve)T.p = F(V6)S.C.
C QT. P.






where 9 = time since last of helium (or lst air)
entered bottom of bed
T.P. 9 TP. F •Q 0  (8vC
(V)T.P. (V)T.p F(Ve)S + VC(F (8)
from (6) and where 0 = time since tracer
turned off corrected for V0
F QS* -V0  F Qs% "V 0
FL(EV)s.C.-VC + V0 (F--) - Fv.C._v C
Since F.1.0 and VC is small
*QSC C C
%c0 em0  _____(.V)s0-V - = (VE)s5 0
Therefore, to obtain QT.P. , plot - againstThrfoe pl L" ans
(V)Tp. 0@*
the corresponding values of QS. 0  , and integrate obtain-
ing ( 4V)S.C . Next subtract V0 from (YV)S.C. and from
all values of QS.C.Q . On dividing (QS.C. 0 V0 ) by
(4V)5 .C-V0], ] Q~rP. , or simply , is obtained.
(V'6T.P.
The original values of C/Co are now plotted vs. QQ/V6.
3. Densities of Glass Beads
Number 7 Glass Beads
Graduate + Water + Beads = 265.1 + 0.1 gr 93.0 + 0.1 cc
Graduate + Water = 189.2 4 0.1 gr 65.8 0.1 cc
Beads = 75.9 +0.2 gr 27.2 +0.2 cc
p . 75.9 + 0.3% = 2.78Spg.= -- 2.78+1%E27.2 + 0. 7-
P= (62.3)(2.78 +_1%) = 173 lb./ft. 3 + 1%
Arithmetic average of several determinations
taken.
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4. Calculation of Core and Annular Velocities
from Back-Mizing Traverses
R = radius of column = 1.5 in.
R = radius of core, in.
0 = concentration of helium in gas
u = average velocity of gas, ft./seo.




CA uA(R R)'CCTuC nCA UA -14 a• UC 1
Air Balance




2.25 u oUx-2 2.25 - RC




5. Calculation of Bed Densities, PB
PB = slope of static pressures plotted against
distance from bottom of bed.
b..--
VIII. APPENDIX D. Summary of Data and Calculated Results
1. Back-Mixing Data - Table AI
Explanation of Headings
Sample No.: Samples numbered consecutively from No. 1
Solids: The following code is used in the table:
A = No. 13 glass beads, mean diameter 0.0040
B = No. 7 glass beads, mean diameter 0.0178
C = Mixture of No. 6, 7, 9, 11, and 13 glass
D = Microspheres less fines blown out at 1.5
E = Microspheres retained on 100 Tyler Mesh
F = Microspheres through 150 Tyler Mesh
G = Microspheres fines only






V (ft./sec.): Superficial air velocity ±2%
Co (%): Final helium concentration calculated from orifice
measurements
Position: First figure indicates vertical position of sample
point in inches below injection level; second group








0.566 in. north of center
0.980 in. north of center
1.27 in. north of center
1.45 in. north of center
Ratio of sample concentration as analyzed to con-
centration Co. 0 o based on analyzed concentration
of gas from cyclone at the top of the column.
Special Notations:
v denotes sample selectively taken from voids
s denotes sample selectively taken from solids
x denotes sample not significant for any reason






































































Note: (1) Sarples 1 through 28 were taken with helium injected through
a single glass tube pointed upward
(2) Samples 29 through 39 were taken with helium injected beneath






























































































































































































Notes (1) Samples 40 through 54 were taken with
a single glass tube oointed upward





a single glass tube pointed downward
SanTples 67 ,through 77 taken with 12-point radial injection system
Samples 78, 79 with same injection as samples 40 through 54







































































































































C (<): Position: C/C0
80 A 0.9 1.2 2 RO 1.28
81 A 0.9 6.9 2 R1 0.37
82 A 0.9 6.9 2 RO 0.33
83 A 0.9 7.8 2 R2 1.33
84 A 0.9 7.3 2 R3 1.16
85 A 0.9 7.7 2 R4 1.08
86 A 0.9 7.8 2 R1 1.31
87 A 0.9 6.3 4 RO 1.23
81 A 0.9 8.2 4 RO 1.20
89 A 0.0 8.3 4 Rl 1.04
90 A 0.9 .4 4 R2 0.89
91 A 0.9 C.4 4 R3 1.21
92 A 0.9 8.5 4 R4 1.97
93 A 0.9 8.5 4 R3 0.70
94 A 0.9 8.48 top
95 A 0.9 8.7 4 R4 1.20
96 A 0.9 8.4 4 R2 0.73
97 A 0.9 8.5 4 R1 0.87
98 A 0.0 8.5 4 RO 1.17
99 A 0.9 8.5 4 RO 1.17
100 A 0.0 8.5 4v RI 0.77
101 A 0.9 8.5 4 R2 1.01
102 A 0.9 8.4 4 R3 0.86
103 A 0.9 8.5 4 R4 1.10
104 A 0.9 8.6 6 RO 0.76
105
106 A 0.9 7.1 10 RO 0.82
107 A 0.9 7.2 8 RO 0.82
108 A 0.9 7.3 12 RO 0.80
109 A 0.9 8.1 14 RO 0.59
110 A 0.9 8.2 16 RO 0.36
111 A 0.9 8.2 18 RO 0.12
112 A 0.9 8.17 top
113 A 0 9 n8.4 I 1F
114 A 0.9 8.2 4 RO 1.07
115 A 0.9 8.2 6 RO 1.18
116 A 0.9 8.4 8 RO 0.96
117 A 0.9 8.4 10 RO 0.98
118 A 0.9 8.4 12 RO 0.67
119 A 0.9 8.4 14 RO 0.38
120 A 0.9 8.6 16 RO 0.36
121 A 0.9 8.6 18 RO 0.17
122 A 0.9 8.55 top
Note: Samples 80 through 112 with 12-point injection, relative humidity
of air to column 38 - 400
Samples 113 through 122 with 12-point injection, R.H. 32 - 38%
Sample 'o.: So ids: Uo(ft./sec.):
Sample No.: Solids: uo(ft./sec.): Co ('):
123 A 0.9 8.4 18 RO 0.145
124 A 0.9 8.4 16 RO 0.21
125 A 0.9 8.5 14 RO 0.19
126 A 0.9 8.6 12 RO 0.36
127 A 0.9 8.6 10 RO 0.46
128 A 0.9 8.6 8 RO 0.56
129 A 0.9 8.6 6 RO 0.95
130 A 0.9 8.4 4 RO 0.97
131 A 0.9 8.5 2 RO 1.24
132 A 0.9 8.47 top
133 A 0.9 8.6 -11 RO 1.33
134 A 0.9 8.2 -11 RO 1.43
135 A 0.9 8.2 -11 R1 1.44
136 A 0.9 8.3 -11 R2 o.86
137 A 0.9 8.4 -11 R2 1.42
138 A 0.9 8.4 -11 R3 1.36
139 A 0.9 8.4 -11 R3 1.45
140 A 0.9 8.4 -11 R2 1.67
141 A 0.9 8.4 -11 RI 1.36
142 A 0.9 8.4 -11 RO0 1.41
143 A 0.9 8.4 -16 RO 1.26
144 A 0.9 8.5 -16 R1 1.13
145 A 0.9 8.7 -16 R2 1.31
146 A 0.9 8.4 -16 R3 1.32
147 A 0.9 8.47 top
148 A 0.9 5.6 -11 R1 2.04
149 A 0.9 5.7 -11 R1 1.92
150 A 0.9 5.7 -11 R1 2.13
151 A 0.9 5.8 -11 R1 2.18
152 A 0.9 5.7 -11 R1 2.38
153 A 0.9 5.7 -11 R1 2.30
154 A 0.9 5.7 -11 RI 2.13
155 A 0.9 5.70 top
156 A 0.9 5.55 top
157 A 0.9 5.5 p 1.01
158 A 0.9 5.59 top 0.98
Notet (1) Samples 123 through 147 with 12-point injection; R.H. 58 - 640
(2) Lamples 148 through 158 with single glass injection tube (upward)
(3) Samples 148 through 154 taken at widely varying speeds of sampling
(4) Samples 157 throujh 158 taken by drawing the gas through a tube
which was submerged in glass beads in order to look for any
"barrier diffusion effect". The test was negative, and no

















































































Notes (1) Sarples 159 throufh 162 taken at varyinr samplin. speeds using
single point glass injection tube
(2) Samples 163 through 170 with single point glass injection tube.
bamples marked V taken selectively from voids, marked S from solids.
(3) Samples 171 through 17F with 12-point injection system














































































































































































































































































































Notes (1) All samples
(2) Samples 199
from 204 on taken with 12-point injection




















































































































































































































































































































































































































































Notes Samples 285 through 288 discarded because












































































































































, ., - W & ,, 0 ,- v % * C/t. &.. 0 0
327 A 1.6 3.83 10 RO 0.67 v
328 A 1.6 3.92 10 RO 0.96 s
329 A 1.6 1.2 0 RO 0.95
330 A 1.6 3.17 10 RO 0.69
331 A 1.6 3.88 top
332 A 1.6 _.88 10 RO 0.22 v
333 B 1.56 3.15 top
334 B 1.56 3.21 -11 RO 0.95
335 B 1.56 3.20 -11 P1 1.15
336 B 1.56 3.20 -11 R2 1.06
337 B 1.56 3.25 -11 R3 0.87
338 B 1.56 3.28 -11 RO 0.98 s
339 B 1.56 3.26 4 RO 0.098
340 B 1.56 3.2 4 RO 0.084s
341 B 1.56 3.29 4 RO 0.135
342 D 0.4 11.0 -11 RO 1.01
343 D 0.4 10.8 -1i 1 1.6
344 D 0.4 11.8 -11 2 1.06
345 D 0.4 1^.8 -11 R3 1.03
346 D 0.4 10.8 top
347 D 0.4 1). -6 RO 1.19
348 D 0.4 10.9 -6 RI 1.11
349 D 0.4 10.8 -6 R2 1.09
350 D 0.4 10.6 -6 R3 1.06
351 D 0.4 10.8 -6 R4 1.05
352 D 0.4 10.8 top
353 D 0.4 10.5 4 RO 0.68
354 D 0.4 10.7 6 RO 0.60
355 D 0.4 10.7 8 RO 0.47
356 D 0.4 1I.7 10 RO 0.36
357 D 0.4 10.8 12 RO 0.30
358 D 0.4 n10.8 14 RO 0.23
359 D 0.4 10.8 16 RO 0.18
360 D 0.4 10.9 1t R0 0.19
361 D 0.4 10.1 6 RO 0.67
362 D 0.4 10.2 6 Rl 0.715
363 D 0.4 10.3 6 R2 0.87
364 D 0.4 10.3 6 R3 1.21
365 D 0.4 10.3 6 R4 1.40
366 D 0.4 10.3 6 RO 0.65
367 D 0.4 10.3 12 RO 0.26
368 D 0.4 10.3 12 RO 0.26
369 D 0.4
370
Note: Samples 333 through 341 with No. 7 glass beads; the bed did




u (Pt / 
C ( ):4S le NM















































































Notes Samples marked "d" were taken directly into the analyzing cell














































































































































Sample No.: Solids s uo( t./sec.): CO ('): :ssition: C/Co
409 D 0.9 5.45 -11 RO 1.04
410 D 0.9 5.45 -11 R1 1.07
411 D 0.9 5.45 -11 R2 1.02
412 D 0.9 5.45 -11 R3 1.07
413 D 0.9 5.45 -11 14 1.02
414 D 0.9 5.45 top
415 D 0.9 5.45 4 RO 0.51
416 D 0.9 5.45 8 RO 0.35
417 D 0.9 5.45 10 RO 0.33
418 D 0.9 5.45 12 RO 0.21
419 D 0.9 5.45 14 RO 0.162
420 D 0.9 5.45 16 RO 0.12
421 D 0.9 5.45 18 RO 0.088
422 D 0.9 5.45 top
4?3 D 0.9 4.8 6 RO 0.43
424 D 0,9 4.8 6 R1 0.43
425 D 0.9 4.8 6 R2 0.70
426 D 0.9 4.8 6 R3 0.75
427 D 0,9 4.8 6 R4 0.73
428 D 0.9 4.8 top
429 D 0.9 4.8 12 RO o.26
430 D 0.9 4.8 12 R1 0.22
431 D 0.9 4.8 12 R2 0.37
432 D 0.9 4.8 12 R3 0.42
433 D 0.9 4.8 12 R4 0.36
434 D 0.9 4.8 12 R1 0.183
435 D 0.9 4.8 12 R1 0.29
436 D 0.9 4.8 top
437 D 1.2 3.6 12 RO 0.149
438 D 1.2 3.6 12 R1 0.255
439 D 1.2 3.6 12 R2 0.24
440 D 1.2 3.6 12 R3 0.31
441 D 1.2 3.6 12 R4 0.46
442 D 1.2 3.6 12 R4 0.28
443 D 1.2 3.6 top
444 D 1.2 3.6 -11 RO 1.08
445 D 1.2 3.6 -11 R1 1.05
446 D 1.2 3.6 -11 R2 1.09
447 D 1.2 3.6 -11 R3 1.03
448 D 1.2 3.6 -11 R4 1.08
449 D 1.2 3.6 4 RO 0.42
450 D 1.2 3.6 6 RO 0.34
451 D 1.2 3.6 6 R1 0.45
452 D 1.2 3.6 6 R2 0.46
A •
























































































































































































































































Sample No.: Solids: u (ft./sec.): C (0): Position: C/C00 0Scj 5.0 Psto
499 E 0.4 10.8 6 RO 0.12
500 E 0.4 10.8 top
501 E 0.4 10.8 6 RO 0.18
502 E 0.4 10.8 6 RO 0.16 a
503 E 0.4 10.8 5 RO 0.17
504 E 0.4 10.8 4 RO 0.66
505 E 0.4 10.8 4 RO 0.38
506 E 0.4 10.8 4 RO 0.40
507 E 0.4 10.8 5 RO 0.13
508 E 0.4 10.8 5 RO 0.25
509 E 0.4 10.8 7 RO 0.13
510 E 0.4 10.8 7 RO 0.13
511 E 0.4 10.8 8 RO 0.063
512 E 0.4 10.8 8 RO 0.067
513 E 0.4 10.8 8 RO 0.065
514 E 0.4 10.8 6 RO 0.11
515 E 0.4 10.8 6 RO 0.057
516 E 0.4 10.8 6 RO 0.12
517 E 0.4 10.8 6 RO 0.14
518 E 0.4 10.8 5 RO 0.14
519 E 0.4 10.8 4 RO 0.35
520 E 0.4 10.8 5 RO 0.36
521 E 0.4 10.8 6 RO 0.19
522 E 0.4 10.8 7 RO 0.10
523 E 0.4 10.8 8 RO 0.069
524 E 0.4 10.8 top
525 E 0.6 8.3 -11 RO 1.01
526 E 0.6 8.3 -11 R1 1.00
527 E 0.6 8.3 -11 R2 1.03
528 E 0.6 8.3 -11 R3 1.09
529 E 0.6 8.3 -11 R4 1.12
530 E 0.6 8.3 top
531 E 0.6 8.3 4 RO 0.55
532 E 0.6 8.3 5 RO 0.44
533 E 0.6 8.3 6 RO 0.26
534 E 0.6 8.3 7 RO 0.23
535 E 0.6 8.3 8 RO 0.19
536 E 0.6 8.3 9 RO 0.15
537 E 0.6 8.3 10 RO 0.094
538 E 0.6 8.3 4 RO 0.59
539 E 0.6 8.3 5 RO 0.47
540 E 0.6 8.3 6 RO 0.34
541 E 0.6 8.3 7 RO 0.25
542 E 0.6 8.3 8 RO 0.17
543 E 0.6 8.3 10 RO 0.13
Sample No: Solids: uo(ft./sec.): C (L): Positions C/Co
544 E 0.9 5.8 -11 RO 1.10
545 E 0.9 5.8 - 11 R1 1.12
546 E 0.9 5.ý -11 R2 1.18
547 E 0.9 5.8 -11 R3 1.12
548 EB 0.9 [.8 -11 R4 1.16
549 E 0.9 6.8 top
550 E 0.9 [.8 6 RO 0.46 d
551 E 0.9 5.8 6 RO 0.37 d
552 E 0.9 5.8 6 RO 0.36 d
553 E 0.9 5.8 6 RO 0.30 d
654 E 0.9 5.8 6 RO 0.176 v
555 E 0.9 5.8 6 RO 0.26 v
556 E 0.9 5.8 6 RO 0.43
557 E 0.9 5.8 4 RO 0.60
558 E 0.9 5.8 5 RO 0.50
559 B 0.9 5.8 7 RO 0.33
560 E 0.9 5.8 8 RO 0.38
561 H 0.9 5.8 9 RO 0.27
562 E 0.9 5.8 10 RO 0.20
563 E 0.9 5.8 8 RO 0.30
564 E 0.9 5.8 12 RO o0.0o74
565 B 1.2 4.5 12 RO 0.23
566 E 1.2 4.5 10 RO 0.29
567 E 1.2 4.5 8 RO 0.54
568 E 1.2 4.5 6 RO 0.41
569 E 1.2 4.5 4 RO 0.50
570 E 1.2 4.5 14 RO 0.099
571 E 1.2 4.5 8 RO 0.30 v
672 E 1.2 4.5 8 RO 0.24 v
573 E 1.2 4.5 8 RO 0.52 a
574 E 1.2 4.5 -11 RO 1.13
575 E 1.2 4.5 -11 RI 1.16
576 E 1.2 4.5 -11 R2 1.21
577. E 1.2 4.5 -11 R3 1.27
578 E 1.2 4.5 -11 R4 1.18
579 E 1.2 4.5 top
580 E
580 F 0.4 10.6 -11 RO 1.01
581 F 0.4 10.6 -11 RI 1.Q4
582 F 0.4 10.6 -11 R2 1.075
583 F 0.4 10.6 -11 R3 1.07
584 F 0.4 10.6 -11 R4 1.03
585 F 0.4 10.6 top
586 F 0.4 10.6 4 RO 0.84
587 F 0.4 10.6 6 RO 0.725
588 F 0.4 10.6 8 RO 0.505
589 F 0.4 10.6 10 RO 0.43
590 F 0.4 10.6 12 RO 0.31
591 F 0.4 10.6 14 RO 0.26
p
- I-











































































































































































































































Sample No.e Solids o(ft./sec.):
Sample No. 637 through
fines only, but it was












































































Co (): Positions C/Co
713 were taken with microspheres
afterwards found the sample tube
drawing air - and so all of these






































































































































































































































































































































































































































































































































































































































Note: These are the only steady state samrples taken in the
4 1/2-inch column. All other samples listed in this


















D. Summary of Data and Calculated Values (Cont'd.)
2. Back-Mixing Data- Semi-logarithmic Plots
Figures A8 through A12 made with single point









I "_,__'___777V ..7••  ! • '
--.. .i .t,i i .., • ' i. ..i. .
0 2 10 12 1i ±


















, i , r , , I • ! ....
! • ' '4









. .. .. .
* - -T''...''I








F 4- 4 4-
-I1








I.. .. I I
! . . .• .. . .. ..! - .. . ti - . .. *- -
- - - T T T '- .
FI I9
NO 11 oL ASS BEADS
i , .6 ift /ec -
KEY:
'- ,-.-




















8 10 12 14 16 18
Inohes Below Injection Level
'.4.. "
Ii ~ I-* -
i . .. ....t
-777 , i "'
;"-! ,.--. T 1-T T


















- *I * * -
,SY.
!o RO
i..: L _•• .. _




2 4 6 8 10 12 1






- I * ' "




4- - ' - - 4 . •.. i -, . -
....... : ' "I ' ' -- " , ." •
-t --- -....- . -... ---~-,-.-.... --... --- - .
7 • 7 ; ] -' - i. . . . '. . .I ; --Ji I 777 7 '-.-•-






























































4 6 8 10 12 14
Inches Below Injection Level
16










ab_ a . ..
-411116
::...!
j . .. . .. .: l'"ii-:=I : !
.:. :.
T, F i1
dP A .. .. •
• --.-•--,--- ----4------ •....i.-- .. . .-4 •
T
• , . , . , .
, • ! • i i t 
r
II
. . .. .. . .. ~ ~ ~ -- - ----------------.. . . . - . . . .
...... .... a.- .......
. I
..ii




-- 4-.- - *- -- I--- ~
-
a J 1 l.5JA.J~I ~.LL..
*1
* F
. . 1.. • Ass. .Ads
!;:::U ': 1. r t.V/eeo.
.... ! . .. :





'-I. t Of Figurtea A - AlI





1 1 -! ..I....
E_,-: :d:= 7 1' : : ,''•• . ,
t "7 I --
. .. - . - ., •_ _.i• • ,- : : 1:i :'!













a : . 1.
s-:: J+
i. 7










-_- .1, 1-F , ,.. ..17•- ,• .. ! .i -!l • , : : i : i -! : • . , .. : :! : i -: • l '
4
.6
L:-L.LM;..L;_jI II : i
: I , , i I II, I i , ... . I : .. - : • : , I ,[ : • i l " ,
...... ,o..
I :: :"' : :-1 '
;+ I .. . .i .: .
, , .!f~b!•f4-::-l 7... 1/[ - T!:•-;
_-_-7__r-
i .
I I , I i "
, ' .. . :
N
i !!: !! " :"., •. •..
J
I T : i' . . - - , • . ,. - .
j:::li
JI . , ..1 ; I -
_ I I I 1 1 I ,
._--..-_L_ ........ ---- 4 .......
-----------II




II . I , 4
i ; , • " i i • : . I
U


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 i I i r


























































































































































i l l 
ll II!!il;IllI 




























































































































































































































































































































































































































































































































































































































































































































 r i i 
•

















































































































































































































































































































































-r -- --"I -t " - " .4T " ' --• '"






















4 4 :- 4.:.4 .
44444 4'
4.4444• 4 -• .
444.,1++t -
_.44 _ 4 LL
INCHES BELOW INJ ECTION LEVEL
-; -t--T-
I. t
-7" V- 1 -
_4..k4-.-r- 4-4+ T
4 4 4 -. ~... ..
- 2' . .
k
t -7





















































-'.- 4- --- ! -f i •
---it s'L .. J .._ 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































.: : :: 
: : 
' : 
: : : .
: I : 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FlG UR E; A27:










t :- : -
-4--H-
--. 4V IT A
4 4
I. . t . . .
4. . C I ..
',,:•- ~ 4. ...
'.4....
-... '.-.. • •-..4 .
- . . . . 4
T: I -", [. - t---- "
-T .. ,
il&Ki:::.












































































2 4 6 8 10 12 14 16 18
INCHES BELOW INJECTION LEVEL


















































































































































































T, 4 t 
t 















































































































































































































































































































0.4 . . -
4 7" ....
7.7 _I -' -7
.- . .o_.q
. ... ...... 4A s
.a8 7=





0 7 - _. ..





- - - --- - - - -
- - -- -- - - - - -
-. : - - - - - - - -- - - - -
- - - - - - - - - -.. ... .
-- - - - - - - --- -1 -----
-- - - - - - - -- - - - - --_ -j -- - -- - -
- - - - - - - - --- - -- - - - -
.. . .... . .. - -- --- -
•-- - - -- - - - ----





ý_ý l . . --- MMTý ý
......... -II






Pressure - Inches Water Gage













































































































































































































































































• -.T-. . 1-.
117
21
i • • I , , " g :r
4. ][;i;I;:11. , WI ! , ! , L: .......
, ,!_:!. I.•K.I]l'i | " , . . . . . , . . . . . . . , .
!..









,~~~ ICC~L .. _ pf t 1-fLi4
.4
.: 1T777 
- 1 1 -!11 i 4-j-
- .. 4f
-14
• ,- , ....
* Ti : -!"
• i. JLL :, . r[- "•• - Ff. r •-1 ;'..',.;._ :•t_•.;.
• -¢•i,. ,I , .•+
.1 4-4























i_!'] i] !i_-]:IlLi•.!!!;:! -! i •.•I •:ri:l
now 66ý
t! !_i! ;!:L
r 4-I + ,r ..
r•i -. _ •1' 7 - -
...... iAw AR.~L....__ 
__
-. . I.4 .,.1 LA S B A
4. -jL






+f~ r4 ~ f1  .t~~
-- 4~4 a4
tr 4 iz24f -
-t-4
__I L4~.
JAi i j4 4-
itt
4 - -4i; 4 - 4 -4K- +7. 1 4p j
-T L- IH-LW ±441AŽ Ail FI
-. I ..
M-I!IURZ
, ,. 4!. t










































-L. ::. -4 i_.











- . . .
• ,.-.. 69•..




b . • .
• _ . .
/0'3
7:12.2
>4 47t .- L71ji
! '- -4- -' -"-'
, -I _ i, -I...

















i I I I
iIL
lii;l 7
I . . I .. . I I I 1 11 , I I ý . I I
fill I I I 1 4 1 1 1











I L I I
NM-
I Jill
I L I I-
I r









I I I I I I I I I I I I I if
WE I GH T F'E E 7

---.. • . 4. . - .. I .. -b-. -t -- t --
























-~ 7 -- ~





































































































































































































































































































































































































VII APPENDIX D. Summary of Data and Calculated Values
(Continued)
4. Residence-Time Data






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Note: 15-35L-C not reported since the two
runs made did not agree in timing.




































































1.48 0.52.58 0.68 15.7
1.oo 3.4





























































































































































































































































































































































































































































































































































































$ 18 2.96 0.5 0.03021 3.46 0.0 0.000 0 16.7 1.00
1 1.18 0.15 16.4 0.98
2 0.31 15.4 0.92
3 0.48 2.1.6 0.69
4 0.64 9.9 0.59
5 0.81 8.3 0.50
6 0.98 6.4 0.38
10 1.63 3.2 0.1918 2.96 0.84 0.05
0 0 16.7 1.00
F-37-B 3.50 1 1.77 0.23 14.6 0.87
2 0.48 12.5 0.75
3 0.73 7.5 0.45
4 0.99 5.8 0.35
6 1.49 3.9 0.23
9 2.25 1.6 0.096
12 3.00 0.75 0.045
15 3.76 0.5 0.03
0 0 16.7 1.00
1 1.77 0.23 15.0 0.91
343
TABLE AIII (CONTINUED)
Run Charge 9 Q QQ 0 C Comments
lb. sec. V o
D-37-D 2.94 1 2.91 0.39 12.5 0.68
2 0.80 7.6 0.41
3 1.21 6.1 0.33
4 1.62 3.0 o.16
9 3.66 0.5 0.027
0 0 18.4 1.00
F-37-A 3.88 1 1.18 0.15 16.4 0.98
3 0.48 12.5 0.75
6 0.98 6.7 0.40
9 1.47 3.7 0.22
12 1.96 1.6 0.096
15 2.46 0.95 0.057
18 2.96 0.5 0.030
21 3.46 .  .
 0 .  1.00
 
 3 .  .
3 .4  11.  .
 .  .  .
 .  .  . 
10 1.63 3.2 0.19
.
F-37-B 3.50 1 1.77 0.23 14.6 0.87 o.  .  0.75
.
 .  
  0
 
0 0 .  .
2 o.48 11.0 0.67
3 0.73 7.5 0.45
4 0.99 5.9 0.36
6 1.49 3.2 0.19
9 2.25 1.4 0.085
12 3.00 0.66 0.04
15 3.76 0.45 0.027




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































VII APPENDIX D Summar of Data and. Calculated Values
(continued)
5. Semi-logarithmic Gra ha of Residence-Time Data
The data of the residence-time studies are
plotted on semi-logarithmic coordinates in
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E. Location of Original Data
The original data upon which this thesis is
based may be found in notebooks on file with Prof.






0 f exit concentration
C* concentration of reactant for conditions of
piston flow
D diameter of bed
D diameter of particle
Dv  molecular diffusivity
E back-mixing eddy diffusivity
Em eddy diffusivity N
F probability density; F d(QG/Vd) = fraction offM entering gas which
leaves between QQ/V6=
M and N
I intercept of residence-time data on semi-logarithmic
coordinates
kD pp 2/3
k reaction rate constant
k' apparent reaction rate constant
kG  mass transfer coefficient, pressure units
L height of bed
MM  mean molecular weight of main fluid stream
NA mole of A transferred per unit area
n quantity of material present at time 0
pBM log mean partial pressure of non-diffusing gas in
film




R radius; RO = center; Rl = 0.566 inches; R2 = 0.980
inches; R3 = 1.27 inches; R4 = 1.45 inches;
R5 = 1.10 inches; R6 = 1.43 inches.
S negative of slope of residence-time data on semi-
logarithmic coordinate
u gas velocity, ft./sec.
uo superficial velocity
uM maximum velocity
uC  core velocity
uA annular velocity




0 time, minutes; for residence-time studies, the
time since Ofresh" gas first entered bottom of
bed
0* time since helium valve was turned off
p density, Ibs./ft. 3
PB average solid concentration
pf density of fluid
p5 absolute solid density
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